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prepared soil sample.
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Biochar is a product that has been used since at least 1000 BCE for the enhancement of
soil fertility. These original applications were in the Amazon jungle, where soils are naturally
sub-par for most forms of conventional or industrial agriculture. Adapting this technology to
other climates, soils, and farming uses requires a broad base of knowledge. The current state of
biochar science seeks to understand how specific environmental behaviors arise from the
physical and chemical structure of biochars, and in turn how variation in pyrolysis and feedstock
can be manipulated to construct useful biochars.
This body of work seeks to contribute to that growing body of scientific knowledge by at
multiple levels, from the bench top to the greenhouse. Specifically, two studies focus on
enhancing the utility of certain methods of biochar characterization. First, the thermal stability of
biochars in air and an inert atmosphere (N2) were compared. Using spectroscopic and chemical
characterization, the structural causes of differing thermal stability were examined. Not all
biochars with high stability in N2 were highly stable in air. A single pathway of pyrolytic
conversion was observed, regardless of how feedstocks responded to pyrolysis (i.e. the ease of
pyrolytic conversion). All high N2 stability biochars were highly pyrolyzed with high
aromaticity, greater order in aromatic structures, and low H and low O content. However, only
aromatic order and O content were significantly correlated with thermal stability in air.
The second study examined the use of Raman spectroscopy to characterize the aromatic
structures of condensed carbons, including biochars. This study examined the use of principle
component analysis (PCA) as a method of spectral decomposition, contrasting it with a peak
fitting model and measuring the absolute intensities of certain spectral features. Additionally, this
study used several other measures of aromatic condensation to study the difference between
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aromatic condensation (i.e. how many aromatic rings are in an aromatic cluster) and aromatic
order (not only how many rings but also the number of specific defects). PCA was found to
provide a useful method of decomposition and provided a simple index to rank aromatic order. It
was also observed that aromatic order and aromatic condensation are not synonymous, especially
when biochar are created at high temperatures (700 °C). At lower temperatures of creation,
aromatic condensation and aromatic order are closely proportional, at higher temperatures the
relationship between the two becomes less predictable (i.e. some highly condensed biochars are
not as ordered as one might predict from low temperature trends).
In a third study, the ability of two biochars to sorb nutrients in a simulated contact with
liquid fertilizer (in both an acidic and unaltered environment) and the likelihood of those sorbed
nutrients to be released during simulated rainwater leaching were examined. While the biochar
with greater CEC and greater ion-exchanging moieties (observed through FTIR) did sorb more
nutrients, CEC was a poor predictor and overestimated the quantity of nutrients sorbed. Both
biochars sequestered (i.e. sorbed but did not leach) enough nutrients to pose a possible threat to
crop yield but were unlikely to cause total crop failure. Additionally, the amount of nutrients
sorbed and sequestered would likely decrease in most agronomic applications, as the nutrient
concentrations used were in excess of normal agronomic uses. Low pH did increase the amount
of inorganic nutrients release of biochars but did not increase sorption or sequestration.
Finally, a greenhouse study contrasted the ability of a biochar and mulch (or a mix of the
two) to support rehabilitation of a denuded minesoil in both fertilized and unfertilized systems.
The unfertilized system developed greater aggregate stability despite lower root mass and aboveground growth of wheat grass. Aggregate stability was closely associated with microbial activity
in the unfertilized soils; in both metrics biochar enhanced the effect of mulch in the mix
treatment but was not as effective as a greater quantity of mulch without biochar. In fertilized
soils, microbial activity was not connected to development of aggregate stability, and aggregate
development was greatest in the biochar with the least growth above and below ground growth
due to boron toxicity.
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CHAPTER 1. INTRODUCTION AND LITERATURE OVERVIEW

1.1 Dark (Soil) Matter
The promise of a second Green Revolution has animated many agricultural scientists for
the past half century, working in hopes of redoubling the gains in agricultural productivity
realized in the early part of the 20th Century. This first revolution relied on the advent of
industrially produced nitrogen fertilizers, early successes in plant hybrid breeding, and increased
mechanization of agriculture (Ruttan, 2002; Evenson and Gollin, 2003; Dimitri et al., 2005).
Investment in agricultural science consistently returned advances in conservation agriculture,
agricultural equipment, and ever more adaptable and resilient hybrids. Indeed, gains in
agricultural productivity were greater in the second half of the second of the 20th Century
(Evenson and Gollin, 2003; Dimitri et al., 2005) but have failed to replicate the revolutionary
feeling now attributed to the advances of the early 20th century.
The rediscovery of the Amazonian Terra Preta (lit. “black earth”) reawakened visions of
a second Green Revolution. This soil, easily distinguished from the surrounding Amazonian red
soil by its dark black color (Antal, 2004), was well known among some Amazonian people for its
productive capabilities in small scale local agriculture (German, 2003). This productivity was
quickly confirmed to hold for grain agriculture, specifically maize (German, 2003). Early
research noted the key difference between the Terra Preta and the surrounding soil to be the
inclusion of charcoal (Lehmann et al., 2004). The high quantity of pottery shards and other
anthropogenic artifacts found in the Terra Preta demonstrate that it was created by native
Amazonians nearly 500 years prior to Columbian contact. Neither the civilization which created
the Terra Preta or their reasons for creating it are known (trash disposal, land recovery, and
agricultural improvement have all be suggested) (Lehmann et al., 2004).
For agricultural scientists seeking to adapt the use of charcoal soil amendments to more
diverse climates and locations, the why of the Terra Preta’s creation was less important than the
what when and how: what types of charcoal were used, how much was added, and over what
time span? The speculative language of a second Green Revolution quickly faded under the
complexity of the problem at hand. Agricultural scientists again stepped in to begin the long
process of disentangling truth from unfounded promises.
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1.2 Biochar or Charcoal?
Pyrogenic C is a broad class of products of pyrolysis of any biomass, where pyrolysis is
thermal degradation in oxygen limited conditions. Soot, charcoal, and tars and pitches all fall
under the umbrella of pyrogenic C (Lehmann and Joseph, 2009; Tsaneva et al., 2014). Pyrolysis
and combustion may be presented as opposite processes but in most commonplace examples of
fire, combustion and pyrolysis co-occur (Masiello, 2004; Kaal et al., 2012). This is why charred
logs can often be found after campfires and soot collects in oil lamps; the charred logs and soot
are examples of carbon which partially pyrolyzed during the larger combustion reaction. Most
pyrogenic C (predominantly charcoal) occurring in natural environments is the product of natural
fires accumulated over decades, centuries, or longer (Hammes et al., 2007).
Biochar is a convenient moniker for solid pyrolysis products created by people and
intended for use as a soil amendment (Lehmann and Joseph, 2009). By this definition, biochars
are also different from other solid man-made pyrogenic C like charcoal (a fuel used for cooking
and some cottage industry) and activated carbon (a material useful in gas and liquid filters). In
reality biochars are not distinct from other man-made charcoals, and anthropogenic charcoals as
a group are poorly distinguished from natural charcoals. Varying temperatures and times,
different atmospheric conditions, and rates of cooling can produce greatly varying chemical and
physical structures in biochars from the same feedstock (Oberlin et al., 1980; Brebu and Vasile,
2010a; Kaal et al., 2012; Johnston, 2017). This complexity is compounded when the great
variability available in feedstocks is also considered (Hatton et al., 2016).
This work will use the term biochar to mean any solid product of pyrolysis used as a soil
amendment to specifically alter the soil’s properties to be advantageous for agricultural,
horticultural, or environmental restoration uses. This includes both biochars produced as a
primary product and as a by-product of other uses of pyrolysis (e.g. the production of bio-oils
and syn-gas for energy capture from biofuel crops). Biochars are also macro-scale products.
Biochars usually contain easily volatilized compounds and small particles easily suspended in
the air, but as a whole biochars are different from the tars, oils, dust, soot, and ash which may be
carried away from the bulk solid product in the course of pyrolysis.
Incorporation of biochars into soils has been identified as a potential C sink for use in
climate change remediation strategies (Keiluweit et al., 2010a). The residence time of biochar in
soil is of concern to its agricultural use, and will be referred to in this work, but the potential
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impact of C sequestration through biochar amendments to soils is a separate and complex topic
deserving of dedicated volumes of work. The distinction between biochars as an agricultural
amendment and biochars as a C sink will be ignored in this work.
1.3 Effects of Biochar Amendments on Soils
Biochars are known to exhibit many beneficial properties to soils. Nutrients like Ca, K,
Mg, and PO4 may be solubilized when the inorganic constituents come into contact with the soil
solution (Yin Chan and Xu, 2009). The type of nutrients contributed can vary greatly based on
feedstock. In one study hardwood-derived biochars have been observed to contribute Ca in
greater quantities (per Kg of biochar) than grass-derived biochars, while the grass biochars
contributed more K, Fe, and P (Brewer et al., 2009), though nutrient concentrations also vary
among species of grasses and woods (Kloss et al., 2012), and within specific plant parts
(Windeatt et al., 2014). Pre-pyrolysis uses, most notably the use of biomass as a sorbent for
poultry manure, can enhance nutrient contents, especially P and K (Yin Chan and Xu, 2010).
Total concentration of inorganic species can vary between <10% to above 50%. (Kloss et al.,
2012; Mukome et al., 2013; Windeatt et al., 2014; Butnan et al., 2015) and is dependent on both
feedstock and pyrolysis conditions. Many ash species are stable in the 300-650 ºC range
(Földvári, 2011) and will become more concentrated as the degree of pyrolytic transformation
increases.
Many of these inorganic salts are carbonates or hydroxides, and this may also confer a
liming effect so soil pH (Brewer et al., 2009; van Zwieten et al., 2010; Zacchero and Crippa,
2014). Biochars may retain nutrients from the soil solution and have been observed to reduce
leaching of highly soluble nutrients like NO3- (Lehmann et al., 2003; Laird et al., 2010; Tian et
al., 2016). Biochars have also been observed to sorb inorganic and organic contaminants
(Uchimiya et al., 2012a; b; Jiang et al., 2012) and reduce their availability to plants, soil fauna,
and soil microbes. Biochars may increase water holding capacity and available water (Glaser et
al., 2002; Karhu et al., 2011; Basso et al., 2013) and may promote or be incorporated into soil
aggregates (Kelly et al., 2014; Liu et al., 2014). The large variability of biochar characteristics,
as well as the variability in biochar-soil interactions, means that these effects may only be minor,
or even undetectable (Borchard et al., 2014; Jeffery et al., 2015).
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Sorption of nutrients/ionic contaminants by biochars in the soil has been observed as an
ion-exchange mediated process (Uchimiya et al., 2012a). Both increased surface area and
increased oxygen content/increased oxygen containing exchange sites have been correlated with
increased ionic sorption in biochars (Figueiredo et al., 1999; Cheng et al., 2006). At the field
scale, observed retention of soil bound ions is not restricted to ion-exchange phenomena.
Observed nutrient retention may also occur due to precipitation of nutrients with inorganic
constituents supplied by biochar (e.g. Ca or Mg phosphate precipitation) (Novak et al., 2009;
Fang et al., 2014), due to alterations in the microbial community (i.e. greater microbial activity
spurring greater uptake) (Kolb et al., 2009), and as a result of altering water mobility (i.e.
reduction of leaching). If the liming effect from biochars is sufficient to alter soil pH, the
solubility of some ions may be reduced. Additionally, sorption of hydrophobic contaminants can
occur through direct hydrophobic interactions with non-oxygenated, highly aromatic biochar
surfaces (Ahmad et al., 2012; Hale et al., 2016).
Much of the potential of biochar lies in its ability to promote the accumulation of organic
matter. The dark color and the enhanced productivity of the Terra Preta soils is not due solely to
the biochar itself, but to the increased soil organic matter (SOM) (Glaser et al., 2001). Soil
organic matter is one of the soil constituents (along with clay minerals and natural pyrogenic C)
which normally provides the soil with buffering capacity, sorption of contaminants, retention of
nutrients, and promotion of microbial activity and positive soil development (Bot and Benites,
2005). Increasing SOM through fallow management or cover crops, addition of manure and
compost, and conservation tillage is an established method of improving soil for use in
agricultural production (Bot and Benites, 2005). However, added C is often rapidly lost from soil
following mineralization (Larson et al., 1972; Price and Voroney, 2007). In some soil systems
the climate, intrinsic soil properties, and management decisions promote the rapid mineralization
of SOM, regardless of the addition of labile C (e.g. manure, crop residues, or plant roots). In
essence, each soil has an equilibrium point for SOM (Six et al., 2002; Doetterl et al., 2015), and
repeated additions of added C will be necessary to maintain soil C above the equilibrium point
(Price and Voroney, 2007).
One goal of applying biochar as soil amendment is to effectively shift the SOM
equilibrium point higher. Biochar has been observed to suppress the mineralization of native
SOM (Zimmerman et al., 2011; Woolf and Lehmann, 2012; Maestrini et al., 2014b). This
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suppression is termed negative priming, (which is opposite positive priming or the increased
mineralization of native SOM). Multiple mechanisms have been proposed to explain the origin
of biochar’s negative priming effect. These include SOM adsorption onto biochar surfaces and
retention in biochar pores, both physically preventing microbial access. The formation of SOMbiochar complexes may also reduce the effectiveness of microbial exudates. Direct suppression
of microbial populations through the release of toxic compounds such as poly-aromatic
hydrocarbons (PAHs), may reduce SOM mineralization as well (Zimmerman et al., 2011;
Gibson et al., 2018). In some cases, biochar additions have been observed to increase SOM
mineralization in the short term. This is most likely due to the supply of labile C or other
nutrients from the biochar, which supports an increase in microbial populations. In some
biochars, this positive priming effect has been observed to end which the biochar was observed
to exert a negative priming effect on the SOM (Zimmerman et al., 2011; Maestrini et al., 2014a).
Early positive priming may be related to co-metabolism with labile C within biochars, and this
positive priming effect may diminish as the biochar labile C is consumed. However, alternative
mechanisms of positive priming have been proposed, e.g. increased autotrophic respiration from
greater plant growth (Maestrini et al., 2014b), and further research is needed to resolve or
delineate different mechanisms of positive priming.
The sorption of SOM to biochars may occur through ion-exchange or hydrophobic
interactions. While the archetypal well-humified SOM constituent is negatively charged many
SOM components are amphipathic (Joseph et al., 2010). Hydrophobic portions of compounds
can sorb to the unmodified and highly pyrolyzed biochar through hydrophobic interactions,
while hydrophilic components can sorb to ion exchanging surfaces through cationic bridging.
(Because most biochar exchange sites are pH-dependent oxygen containing functional groups, in
most normal soil conditions biochar exchange sites are expected to be negatively charged cation
exchange sites.)
1.4 Biochar Structures and their Pyrolytic Origins
Except in specific circumstances, (i.e. in the presence of certain metal catalysts), all
biomass-derived materials are non-graphitizing (Franklin, 1951; Oberlin et al., 1980). These
materials will reach a pyrolytic endpoint, after which higher pyrolysis temperatures or increased
pyrolysis time will not cause greater pyrolytic transformation, specifically increased aromaticity
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or aromatic condensation (i.e. a larger number of rings in each aromatic cluster). This has been
tested well beyond 1000 ⁰C, though most biochars are created between 400 and 700 ⁰C (Oberlin
et al., 1980). Despite the non-graphitizing nature of biomass, biochars do become more aromatic
and increasingly condensed as the intensity of pyrolysis (i.e. temperature and time) increases,
until they reach the pyrolytic endpoint (Keiluweit et al., 2010a). This endpoint is likely to vary
among feedstocks and may also be affected by other pyrolysis and feedstock properties such as
the presence of vacuum and inclusion of inorganic constituents (Kan et al., 2016; Pecha et al.,
2017).
Increased pyrolytic conversion increases the C content of biochars and decreases the H,
N, and O contents. Elemental concentrations can vary widely with feedstock and pyrolysis
conditions. The %C content by weight of biochars can range from <40% to > 90%, %O from
<2% to >30%, and H from <1% to above 4% (Mukome et al., 2013; Windeatt et al., 2014;
Wiedemeier et al., 2015). Because the percent-weight content of inorganic constituents can vary
greatly between feedstocks (<5% to above 50%); comparing direct percentages of C, H, N and O
may not provide a complete understanding of the degree of pyrolysis. Instead the elemental
ratios, H/C and O/C, are used. As pyrolysis proceeds, H/C and O/C ratios decrease with
increasing pyrolysis (Keiluweit et al., 2010b). Across many biochars, the H/C has been observed
to vary from <0.2 to >1.8, while O/C has been observed to vary from <0.02 to >0.7., but as with
most biochar properties are also dependent on feedstock (Mukome et al., 2013; Windeatt et al.,
2014). The O/C ratios do not uniformly decrease across all feedstocks. Inorganic constituents
containing O and which are stable at the temperatures used in a biochar’s creation can increase
the O/C ratio as pyrolysis proceeds, for example phosphates which are generally stable below
800 ºC (Földvári, 2011).
Pyrolysis of lignin, cellulose, and hemicellulose have been studied mechanistically.
Speaking broadly, each of these components experiences similar phases under pyrolysis. Early
stage decomposition involves breaking of polymeric structures into smaller polymers and
oligomers (Piskorz et al., 1986; Pastorova et al., 1994; Kawamoto et al., 2007). Cellulose,
hemicellulose, and some lignins have been observed to have a molten phase which occurs after a
certain degree of depolymerization (Hosoya et al., 2007; Wang et al., 2014; Montoya et al.,
2016). Depolymerization may continue to occur during the molten phase. Dehydration,
homolytic cleavage, and elimination reactions (e.g. decarboxylation) allow for the formation of
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new sp2 C-C bonds, including the larger aromatic clusters characteristic of pyrolytic condensed
carbons (Piskorz et al., 1986; Garcìa-Pérez et al., 2007; Brebu and Vasile, 2010b). Lignin will
not melt if it does not depolymerize to sufficiently small oligomers prior to dehydration and/or
homolytic cleavage and the subsequent cross-linking. The degree to which this failure to melt
limits cross-linking or other char-building reactions is uncertain. Cross-linking between aromatic
clusters with sp3 C-C bridges is another characteristic chemical structure in the pyrolytic
products of most biomass (Franklin, 1951). Because cross-linkages often occur out of the plane
of the aromatic rings within aromatic clusters (i.e. 3-dimensional randomized linking), and
because these cross-linkages hold aromatic clusters at a distance from one another, crosslinkages are believed to be the primarily reason biomass will not graphitize under pyrolysis
(Oberlin et al., 1980). Cross-linking occurs following the generation of carbon and oxygen ions
and radicals during pyrolytic reduction and is increased and randomized in the molten phase.
Cross linking is also facilitated by volatilized short-chain hydrocarbons which re-add to the solid
phase product during pyrolysis (Pecha et al., 2017).
While the individual biopolymers have been observed to pass through molten phases,
plant structures are often observed in final biochar products (Brewer and Brown, 2012; Mukome
et al., 2013). The molten phase must be partially restricted; but because glassy or non-porous
structures are also often observed in biochars melting probably occurs to some extent. Inorganic
constituents are known to promote char formation (Brebu and Vasile, 2010b; Kan et al., 2016).
Other factors, such as the way different lignocellulosic components interact, the relative
quantities of each biopolymer, and those biopolymers’ accumulation within different plant
tissues may also influence the entire path of pyrolysis including molten phases.
1.5 Biochar Structures and Chemical Activity
Many of biochars’ advantages as a soil amendment involve their ability to sorb
components from the soil, (e.g. nutrients, contaminants, and SOM). By acting as an ionexchanging surface (Cheng et al., 2006), biochars can prevent nutrient leaching, reduce
contaminant activity, and slow the consumption of SOM by microbes. This sorption potential, in
turn, is dependent on pore volume/surface area and the nature of those pore surfaces. Generally,
as pyrolysis temperatures and time increases, a biochar will become increasingly deoxygenated
(Keiluweit et al., 2010a; Mukome et al., 2013), have greater total surface area and pore volume
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(Kloss et al., 2012), and both pore surfaces and internal chemical structure will be increasingly
comprised of aromatic carbon (Uchimiya et al., 2013). So, while total surface area increases, the
biochar pore surfaces tend to become less hydrophilic and have fewer ion exchange sites
(Keiluweit et al., 2010a; Hale et al., 2016). The carbon skeletal structure of the biochar will also
become less biologically available, given the generally lower microbial availability of condensed
aromatic C structures when compared with aliphatic C structures (Harvey et al., 2012).
In some applications, specifically the sorption of hydrophobic contaminants, a highly
hydrophobic biochar may not be problematic (Hale et al., 2016). However, for biochar
applications where nutrient capture, and ionic (e.g. metallic) pollutant sorption, depleted oxygen
content will decrease the potential sorption capacity of the biochar. Post-pyrolysis processing to
increase available ion exchange sites and porosity is called activation. Long used in producing
activated carbon (Uchimiya et al., 2012a), steam activation helps clear pore surfaces occluded by
condensed tars, and can increase hydroxyl and other oxygen containing active sites on the
biochar. Acid or peroxide activation has also been observed to increase the presence of oxygen
containing exchange sites on the biochar, including carboxyl functional groups (Qian and Chen,
2014; Kazak et al., 2017). While this type of activation may not be as effective in increasing pore
surface area as steam activation, acid-activated biochars have demonstrated increased
metal/metal-oxide retention when compared with unmodified biochars (Qian and Chen, 2014).
Vacuum pyrolysis is a method to greatly increase the surface area during the pyrolytic
process (Jia and Lua, 2008; Carrier et al., 2011). Vacuum conditions during pyrolysis prompt
many cavities and occluded pores to rupture, exposing surface area which would be closed off
from contact with the larger soil environment. Additionally, pyrolyzing under vacuum rapidly
clears tars or other volatilized components which may condense when the biochar cools. These
condensed products may then occlude pore surfaces or entire pores, effectively decreasing the
available pore surface area. However, vacuum pyrolysis also removes many volatilized
alkyl/aliphatic compounds and reactive oxygen species. In pyrolysis under positive pressure,
these components quickly re-add to the biochar; the removal of these components facilitates a
biochar with greater aromaticity (Piskorz et al., 1986; Pastorova et al., 1994; Pecha et al., 2017;
Wang et al., 2017a) by preventing cross-linking. This necessarily make a more hydrophobic
biochar, and such biochars are in greater need of post-pyrolysis processing to be effective in the
retention of aqueous nutrients or contaminants.

9
When biochars are added to soil or other biologically active medium (e.g. compost), they
undergo “aging”. Through this process, the bulk aromaticity of the biochars decrease while the
oxygen content increases (Hamer et al., 2004; Cheng et al., 2006, 2008; Hilscher et al., 2009;
Hilscher and Knicker, 2011) (which may in turn increase the ion exchange capacity). Aging may
result from the metabolism of biochar carbon by soil microbes (Wang et al., 2017b; Gibson et al.,
2018), either as a direct food source for soil microbes or as a result of co-metabolism of native
SOM (Hilscher et al., 2009; Liang et al., 2010; Wang et al., 2017b; Gibson et al., 2018).
Additionally, SOM components may deposit or sorb to biochar pore surfaces (Jindo et al., 2012;
Herath et al., 2014; Eykelbosh et al., 2015). Unlike most post-pyrolytic activation processes, the
increasing in oxygen-rich exchange sites during aging may not be accompanied by increased
pore volume or surface area. (Zhao et al., 2015) Finally, abiotic oxidation of biochar surfaces has
been observed in some microcosm studies. This occurred at a rate slower than in biologically
active soils (Cheng et al., 2006).
1.6 Avenues of Discovery
Though a relatively young topic, the creation and use of biochars have accumulated a
deep and expanding body of research. However, when considering the extensive variability
possible in biochars, and the variability of biochar interactions with soil ecosystems and their
use, this body of research is far from finished when it comes to the ability to predict
environmental behavior from feedstock properties and pyrolysis behavior. Establishing a better
understanding between structural properties is an essential part of producing reliable, and
reliably economical, products for agricultural and environmental use.
Current methods of characterization include thermal (TGA, py-GC/MS, DSC),
spectroscopic (FTIR, Raman, EDX), microscopic (visual, SEM), and chemical (BPCA, sorption
studies). Expanding the ability of these methods to characterize biochars or specific components
within biochars, and to allow cross-comparison among researchers, is an important component of
building a more broad and comprehensive understanding of structure/function relationships.
Similarly, more detailed characterization will allow better understanding how biochar structures
arise from the interaction of feedstock and pyrolysis conditions.
Additionally, empirical data regarding the chemical and environmental/agricultural
behavior of well-characterized biochars is an essential part of building a more comprehensive
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and predictive understanding of biochar behavior. Even relatively comprehensive studies (i.e.
which include some first order control in the biochar samples) are limited to thermosequences of
a few taxa. This is done as a necessity of time and funding constraints when experiments are
designed. In order to build a broad and useable model to predict behavior in environmental
systems, many researchers will have to use various biochars in different soils, under different
management strategies. The information from present and future studies will be compiled,
building a broader base of knowledge from which predictions can be made; predictions not
limited to being within specific thermosequences of individual taxa.
This body of work seeks to contribute to each level of biochar research. An investigation
into the spectroscopic and thermal characterization of a diverse group of biochars is used to
examine structural similarities and dissimilarities in biochars which express different stabilities
in inert and oxidative atmospheres (Chp. 2). In Chapter 3, principal component analysis is
applied as an alternative to peak-fitting modeling for the spectral decomposition of Raman
spectra. Raman spectroscopy is uniquely suited to analyzing the aromatic C structures of
pyrogenic C like biochars. In Chapter 4, the retention and release of nutrients from two disparate
biochars under simulated rainwater leaching is described. Finally, Chapter 5 covers a greenhouse
experiment in which soil from a former surface mine is amended with biochar and/or a
composted mulch. The ability of these amendments to support soil rehabilitation are compared.
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CHAPTER 2. THERMOGRAVIMETRIC, FTIR, AND RAMAN
CHARACTERIZATION OF COMMERCIAL-SCALE BIOCHARS
DEMONSTRATES CONSISTENT PYROLYSIS PATHWAY ACROSS
DIVERSE FEEDSTOCKS

2.1 Abstract
Inert and oxidative thermogravimetry (TG-N2, TG-air), FTIR and Raman spectroscopy,
elemental analysis, and proximate analysis were used to characterize a diverse collection of
biochars. Biochars were produced with fast-pyrolysis methods, including vacuum pyrolysis, and
7 diverse feedstocks. The mid-point of mass loss (T50), after ash and moisture correction, was
used as a metric of stability in TG. In TG-N2, low T50-N2 biochars (i.e., biochars that were not
thermally stable) had consistently greater untransformed or partially transformed lignocellulosic
materials and greater mass loss in temperatures associated with aromatic condensation than high
T50-N2 biochars. Despite different rates of transformation by feedstocks, biochars exhibited a
common trajectory of pyrolytic transformation; increases in ν(C-H)aromatic/ ν(C-H)aliphatic (Ar/Al)
and CH2/CH3 (from FTIR) were concurrent with increases the Raman-identified proportion of
sp2 present as benzene rings and decreases in amorphous defects in the aromatic structure. Along
with H/C and O/C, these metrics were significantly correlated with T50-N2 (absolute value of the
Spearman coefficient rs ranged from 0.71 to 0.986). Vacuum pyrolysis increased Ar/Al without
concurrent increases in other metrics. In TG-air, low T50-air biochars consistently had rapid
onsets of combustion consistent with cellulose/hemicellulose combustion in literature, earlier
cessation of combustion when compared to high T50-air biochars. Unambiguous carbonate loss
was restricted to low T50-air biochars.
2.2 Introduction
Biochars are the solid product of the pyrolysis of biomass, and can be highly diverse
given the variation possible both in feedstocks and pyrolysis conditions (McLaughlin et al.,
2009; Ahmad et al., 2012; Brewer et al., 2012; Kim et al., 2012; Kloss et al., 2012). Biochars are
the focus of much research due to their potential as a soil amendment. Biochars have been
observed to increase nutrient retention and pollutant capture and increase soil organic matter
accumulation in soils (Laird et al., 2010; Borchard et al., 2012, 2014, Uchimiya et al., 2012a; b;
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Tian et al., 2016; Clemente et al., 2017). Depending on the pyrolysis temperature, a variable
portion of the C present in biochars is highly stable (Kimetu and Lehmann, 2010; Zimmerman et
al., 2011; Fang et al., 2015).It had been proposed that biochar amendments provide an
opportunity for C sequestration (Zimmerman, 2010; Enders et al., 2012; Whitman et al., 2013).
Predicting the longevity of biochar C in soil environments is essential in the development of
reliable and economical biochar products. Detailed characterization of the physical and chemical
structures present within biochars is being used to understand the origin of the environmental
residence time and environmental activity of biochars (Zimmerman et al., 2011; Uchimiya et al.,
2012a; Enders et al., 2012; Clemente et al., 2017).
Thermal analysis (TG/DTG) and proximate analysis have been used to characterize
individual chemical constituents of biochars and approximate environmental stability (Harvey et
al., 2012). Inert-atmosphere TG continues the pyrolysis of partially transformed lignocellulosic
components and pyrolytically-derived products as well as pyrolyze untransformed lignocellulose
and inorganic constituents. Identification of individual lignocellulosic components is difficult
given the broad and non-distinct mass loss patterns of lignin, cellulose, and hemicellulose during
pyrolysis (Yang et al., 2007; Sanchez-Silva et al., 2012; Wang et al., 2017), and is further
complicated by the decomposition and recombination of these components during pyrolysis
(Pastorova et al., 1994; Hosoya et al., 2007; Kawamoto et al., 2007; Pecha et al., 2017). Despite
this, a higher median temperature of mass loss during inert atmosphere TG has been previously
connected with reduced remnant lignocellulosic material and increased pyrolytically derived
aromatic compounds (Calvelo Pereira et al., 2011).
Harvey et al., 2012 initially proposed the R50 index, a method which normalizes TG mass
loss in an oxidative atmosphere (TG-air) from biochar samples to mass loss in a graphite
standard and which operates on the principle that reactivity during analytical combustion is a
suitable proxy for the mineralizability of C in natural environments. Graphites are generally
more stable than biomass-derived condensed carbons (Windeatt et al., 2014; Gómez et al., 2016)
and available in tightly controlled standards, allowing researchers to use a standard reference
across equipment and operating conditions. The R50 index has been demonstrated to be
proportional to residence time in several microcosm studies (Harvey et al., 2012; Gibson, 2017)
and to chemical measures of C reactivity (Gómez et al., 2016). Unlike inert TG, C reactivity as
characterized by TG-air (both the R50 index and in derivative TGA) includes the reactivity of
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non-pyrolyzable fractions like the poly-aromatic clusters that are characteristic of highlypyrolyzed biomass (Franklin, 1951; McBeath and Smernik, 2009). A greater median temperature
of mass loss in TG-air has previously been correlated with greater order in aromatic structures in
biochar thermosequences (Guizani et al., 2017). Other chemical structures which may decrease
reactivity include high lignin content, which has been shown to reduce the reactivity of
unpyrolyzed biomass (Gani and Naruse, 2007). This is especially relevant in systems where the
degree of pyrolysis is limited (e.g. fast pyrolysis systems), where significant portions of
unpyrolyzed or partially pyrolyzed lignocellulosic components may remain within the biochar
(Kawamoto et al., 2003; Calvelo Pereira et al., 2011). Several other studies have also
demonstrated reactivity (and therefore R50) to be increased by the presence of alkali and alkali
earth metals (AAEM), such as K (Windeatt et al., 2014; Gómez et al., 2016).
Proximate analysis has been used to characterize biochars extensively (van Zwieten et
al., 2010; Woolf and Lehmann, 2012; Feng et al., 2017). Unlike TG, proximate analysis
combines pyrolytic and oxidative phases, with the oxidative phase following the pyrolytic phase
(which in turn follows a drying phase, ASTM D7582 and 1762-84). Volatile matter (i.e. mass
lost during the pyrolytic phase) has been used to predict environmental stability of biochars,
though not always with success (Whitman et al., 2013). Alternatively, fixed matter has been used
as a gauge of the stability of the condensed aromatic portion (Woolf and Lehmann, 2012).
This study identifies disparate thermal stability in some biochars, i.e. high stability in TGN2 does not guarantee high stability in TG-air. This study sought to identify similarities and
dissimilarities in the chemical structure of biochars among biochars with different thermal
behaviors. Specifically, we hypothesize that stability in TG-N2 is predominately determined by
the degree of pyrolytic conversion of lignocellulosic materials during the original pyrolysis, as
indicated both by behavior in TG-N2 as well as indicators of pyrolytic conversion identified in
other studies (e.g. FTIR, Raman, elemental analyses). Biochars with low TG-N2 stability will
also have low TG-air stability. However, among biochars with high TG-N2 stability we
hypothesize that aromatic condensation will be greater in biochar with high TG-air stability
when compared to biochars with low TG-air stability.
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2.3 Materials and Methods
2.3.1 Biochars and Previous Characterization
A diverse collection of biochars were supplied by CANMET Mining (Ottawa, Canada)
and Aemerge, Inc. (Indianapolis, IN) (Table 2.1) (Beauchemin et al., 2014), some of which were
used in Clemente et al., 2017. Feedstocks include hard and softwood lumber or sawmill waste,
recycled pallets (V2, supplied by Aemerge Inc. Indianapolis IN.), poultry manure, switchgrass
(Panicum virgatum L), and willow. Individual species of softwood, hardwood, willow, and the
absorbent material used in the poultry manure was not known. Throughout this study biochars
were grouped by common feedstock, except for the vacuum biochars. These were grouped
together due to the use of vacuum during pyrolysis.
Proximate analysis and elemental analyses data were provided by CANMET Mining, and
these data for the V1, W1, Sg1, and Pm1 biochars have been previously published (Beauchemin
et al., 2014). Proximate analysis used the standard methods ASTM D7582 for moisture and
ASTM D1762-84 for volatile matter, fixed C, and ash content. Briefly, moisture is determined by
heating samples at 107 ±3 ⁰C for 1 hr. Volatiles are determined as mass loss during pyrolysis for
6 min at 950 ⁰C in a closed crucible after a pre-heating regime. Ash is determined as the
remaining mass following heating the Volatiles sample at 750 ⁰C in an open crucible for 6 hr.
Fixed matter is determined as the mass loss between Volatiles analysis and ash weight. The F/V
ratio, or the ratio of fixed matter to volatile matter (both as a % of the wt. of the original sample)
is used as an ash and moisture-corrected assessment of the lability of the biochar C. Elemental
concentrations for H and N were determined using ASTM D5373 and total S using ASTM
D4239; both rely on the combustion of the sample and quantification of gaseous products. An
Elatra CS-2000 was used to determined total C by combustion and infra-red detection of CO2.
Total O was determined by the difference after assuming biochars contained C, H, N, S, and ash
(from proximate analysis).

Table 2.1: Biochar feedstock, pyrolysis conditions, and select properties
Biochar Group

V1
Vacuum
V2
Ax1
Ax2
Bw1
Bw2
Pm1
Pm2
Sg1
Sg2
W1
W2

HTT
(°C)†

Pyrolysis
Conditions

Fixed/Volatile
(F/V)‡

H/C

O/C

Identified
Crystalline Ash

Softwood bark

500

Fast pyrolysis, 20
kPa pressure in
reactor

3.1

0.40

0.105

Quartz, CaCO3,
Albite

Mixed hard and
soft wood pallet
remnants

700

<15 min. reaction
time, vacuum*

8.5

0.35

0.027 Calcite

0.7

0.89

0.311 none

2.6

0.46

0.127 none

1.6
2.2
1.9

0.67
0.56
0.45

1.9

0.42

1.9
2.2
1.9
3.4

0.49
0.44
0.52
0.49

0.172
Magnetite
0.142
0.071 KCl, CaCO3,
AlSi, CaSi,
0.170
MgSi, MnSi
0.136 Magnetite,
0.108 CaCO3, Quartz
0.192 Organic-Ca,
0.160 CaCO3,

Feedstock

Airex

Softwood
sawdust

Basswood

Basswood

Poultry
Manure

Poultry manure
and sorbent

Switchgrass
Willow

Switchgrass (as
bioenergy crop)
Willow (as
bioenergy crop)

375
425

Fast pyrolysis,
cooled by
atomized water*

400
450
450
500
450
500
450
500

Fast pyrolysis,
steel pellet used as
heat carrier with
<2 s reaction
time**

† Highest Treatment Temperature, the maximum (and targeted) temperature attained during pyrolysis
‡ From proximate analysis (ASTM D1762-84).
* (Clemente et al., 2017)
** (Miller et al., 2013)
*** Aemerge originally had wide particle size distribution (5cm to <100 µm), N 2-BET measurements were taken in an attempt to capture surface area
at all particle sizes but no one sample could be considered representative of the whole. Only 1 sample of Ax1 returned a useable measure of surface
area.
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2.3.2 Thermal Analyses
Thermogravimetric analysis in both inert (TG-N2) and oxidative (TG-air) atmospheres
was conducted with a Mettler-Toledo TG/SDTA 851e using the STARe software (Mettler
Toledo, Inc.). For both air and N2 TG, 10-15 mg of ground biochar (passing a 100 mesh or 149
µm sieve) were loaded into a fused alumina crucible, and the surface was scraped if necessary
but not tamped. Compressed air passed through a desiccator or N2 was suppled at a rate of 20 ml
min-1. Samples were heated from 25 – 1000 ⁰C at 20 K min-1. (Samples were also tried at ΔT of
10 and 5 K min-1, but no greater resolution between mass loss events was observed.) Mass loss
curves were normalized to a % of the starting weight, and derivative (DTG) curves were
computed using a first order Sovitzky-Golay filter with a 20-point window with the OriginPro
software (Origin Lab Inc.)
The T50, the temperature at which 50% of the total lost mass (initial wt. – final wt.) has
been lost, was used as an index for both TG-air and TG-N2 as an approximation for stability in
those environments. The T50 was corrected for moisture and ash (or final sample mass in TGN2). However, the T50 for inert TG was limited to mass loss between 25 – 850 ⁰C to avoid
biasing the Pm biochars to higher T50 due to high-temperature mass loss from phosphates. The
Pm biochars also have phosphate mass loss in TG-air, but mass loss above 850 ⁰C includes some
charred residue oxidation in the V2 and Sg biochars. Other inorganic mass loss, principally
carbonates (600 – 725 ⁰C in both inert and oxidative), were within the normal mass loss for
organic C, and could not be easily corrected for in both TG-air and TG-N2. In TG-air, carbonate
mass loss is a smaller portion of total mass lost than in TG-N2.
Mass loss events were defined by separate measures in TG-air and TG-N2, except
moisture loss which was defined as mass loss between 25 and 160 ⁰C. The onset of combustion
(TG-air) and the end of early phase mass loss (TG-N2) were both defined via a linear
extrapolation method as demonstrated in Fig. 2.1 (Heal, 2002). Two lines are plotted, one at the
maximum rate of change during the mass loss event and at a stable point prior to the onset of
mass loss. The temperature of the reaction is defined as the intersection of these two lines. In
TG-air, these two points are at the minimum rate of mass loss between 200-250 ⁰C and at the
first local maximum rate change following onset. For TG-N2, the initial point was set at 200 ⁰C,
as the early phase mass loss varied to greatly in intensity and duration to allow the same
definition as in TG-air. For most biochar samples, the second point is set at the first local
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minimum after the end of early phase mass loss, but for the V2 and both Pm biochars, this
minimum occurred within carbonate loss. For these three biochars, the reference point used to
define the intersecting line was set at the rate of mass loss at 650 ⁰C.
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Figure 2.1: Demonstration of points used to define mass loss events and definition of Onset of
Combustion. The example is the W2 biochar. In the DTG, the A1 was the local maximum (or
minimum rate of mass loss) between 200 and 250 ⁰C. For TG-N2 A1 was always set at 200 ⁰C.
The B1 point is the first local DTG minimum, or the maximum loss rate, following onset. C is a
second mass loss event not shared among all biochars. Reference points for the linear
extrapolation method for this event could not be set uniformly across all biochars, so the
temperature of this event is the point of the maximum rate of mass loss within this event. The
cessation of combustion (D) is the first minimum mass loss rate following the end of the
combustion-type mass loss, and the cessation of carbonate loss (E) is similarly defined
following the carbonate-type mass loss event (Földvári, 2011).
In the TG, the lines of extrapolation are illustrated. The point A2 and B2 are the points of
intercept of the extrapolating lines with the actual TG mass loss curves, and are at the same
temperature as the A1 and B1 points on the DTG curve. The slope of the intercepting lines are
the y-value of the A1 and B1 points in the DTG curve.
Other relevant temperatures for TG-air include the end of combustion and end of
carbonate mass loss, which were both defined as the first point of minimum mass loss following
the conclusion of those mass loss events. For TG-N2, late phase mass loss was defined as ending
at 650 ⁰C (prior to major carbonate loss (Földvári, 2011) and end phase mass loss ran from 650 –
1000 ⁰C.
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2.3.3 Spectroscopy
Diffuse reflectance Fourier-transform infrared (DR-FTIR) spectra were collected using a
Nicolet 6700 FT-IR spectrometer using a SMART Diffuse Reflectance Module and a medium
band MCT detector. Biochar samples (<149 µm particle size) were diluted to 5% in KBr, mixed
by hand with an agate mortar and pestle, then loaded into stainless steel sample disks (1.27 cm
internal diameter, 0.316 cm depth). KBr blanks were collected immediately prior to each sample
for blank correction. Final results are presented in Kubelka-Munk units. For survey spectra,
peaks were assigned the following vibrational modes: ν(OH) from sorbed water at 3450 cm-1,
ν(CH)aromatic at 3050 cm-1; ν(CH)aliphatic at 2925 cm-1; ν(C=O) from carboxylic acids, amides,
esters, and ketones at 1700 cm-1; ν(C=C) at 1610 cm-1, ν3 carbonate stretch at 1430 cm-1, P-O
vibrations for phosphate at 1080 cm-1, and various C-O modes from carbonates at 875 cm-1
(Socrates, 2001; Whitman et al., 2013; Johnston, 2017). Additionally, in the 3200-2800 cm-1
region, FTIR spectra were baseline corrected using a quartic baseline, then spectrally
deconvoluted using an iterative peak fitting model using the GRAMS/AI software (Thermo
Fisher Scientific, Waltham, MA) (Fig 2). In this model, 5 Gaussian peaks were fit: ν(C-H)aromatic
at 3080-3020 cm-1, asymmetric and symmetric ν(C-H3) at 2975-2950 and 2885-2865 cm-1
respectively, and asymmetric and symmetric ν(C-H2) at the 2940-2915 and 2870-2840 cm-1
respectively (Socrates, 2001; Johnston, 2017). The ν(C-H)aromatic includes both aromatic and
linear sp2 C-H stretching vibrations, though aromatic C-H moieties have greater activity than
linear sp2 C-H moieties and are often assumed to control the observed behavior in this spectral
region (Socrates, 2001). The ratio between the area of the fitted ν(C-H)aromatic peak and the sum
of the fitted area between of the four aliphatic peaks; the asymmetric and symmetric ν(C-H2) and
ν(C-H3) peaks (Fig. 2.2), was termed the Ar/Al ratio. The ratio of the area of the asymmetric ν(CH2) and ν(C-H3) fitted peaks (CH2:CH3) was used to compare the differences in the aliphatic C
structures ν(C-H2):ν(C-H3); the asymmetric stretching modes have greater activity than the
symmetric modes (Socrates, 2001).
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Figure 2.2: Demonstration of FTIR peak fitting model. The baseline corrected FTIR spectra
for the W2 biochar is shown as a bold grey line. Individual constituent peaks are presented as
dashed lines (labeled individually), and the solid black line is the resultant composite spectra
from the peak fitting operation.

Raman spectra were collected using an Acton Research Corporation Spectra Pro-500
Spectrograph, equipped with a liquid-N2 cooled Princeton Instruments CCD detector and a 1200
grooves mm-1 monochromator diffraction grating. A Model 127 Spectra-Physics HeNe laser
(632.8 nm) was used for sample excitation. Laster power was reduced from 25 mW to 2 mW at
the sample using a 0.1 neutral density filter to prevent flaring or ignition of the sample. Biochars
were presented in the same sample dishes used in FTIR and scraped (without compaction) to
provide a flat sample surface. A 30s accumulation was used per constituent spectrum to
maximize signal-to-noise, and 9 constituent spectra were collected from different locations on
the biochar sample. These constituent spectra were then averaged into a final biochar spectrum.
A quartic baseline was imposed on all final spectra, anchored at 1800 and 800 cm-1.
Winspec software (Princeton Instruments, Inc.) was used during Raman sample
collection, Omnic (Thermo Fisher Scientific, Inc.) was used for averaging spectra, and
GRAMS/AI (Thermo Fisher Scientific, Inc. was used for baseline correction. All final spectra
had a 10 cm-1 straight line imposed between 1025 and 1000 cm-1 to remove the effects of a dead
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pixel on the CCD detector. Other straight lines (near or below 10 cm-1) were imposed where
cosmic rays affected the final spectra.
Raman spectra were interpreted using McDonald-Wharry et al., 2013 assignments for the
G, D, and V peaks/locations. The structural relevance of these peaks/spectral locations were
interpreted in the light of band assignments from Smith et al., 2016 with supporting information
from Ferrari and Basko, 2013 and Tsaneva et al., 2014. The two main spectral features of
amorphous condensed carbons, the G and D peaks (1570-1600 cm-1 and 1350-1380 cm-1 center
positions), are observed. All substituent vibrational modes of these main peaks except GG/GL
originate in polyaromatic ring structures (Ferrari, 2007). Bands of interest are: double-resonance
breathing mode of aromatic rings (D’,1605-1650 cm-1); E2g stretching mode active in all sp2 C-C
bonds (GG/GL, 1570-1600 cm-1); heteroatom and other point defects causing out-of-plane
bending (A2, 1480-1550 cm-1); 5-C aromatic rings and small PAH molecules (A1, 1400-1460 cm1

); main breathing mode for 6-C rings (D, 1340-1380 cm-1); additional breathing modes

predominately active in small PAH molecules (DS, 1250-1300 cm-1); 7+ C aromatic rings and
multiple heteroatom related vibrations (S, 1150-2000 cm-1); and small PAH and secondary 7+ C
aromatic ring modes (SL, 975-1075 cm-1).
The intensity of the G and D peaks (ID and IG) and the minimum intensity in the valley
between the G and D peaks (IV) were used to approximate intensity in the GG/GL, D, and
amorphous (A1 and A2) defects bands respectively (McDonald-Wharry et al., 2013; Smith et al.,
2016). Generally, these three locations were near 1600, 1360, and 1500 cm-1. The A1 and A2
peaks are also highlighted in figures at 1440 and 1520 cm-1 respectively. Due to the large
variation in absolute intensity of biochars, originating from differences in absorptivity of the
excitation laser, these intensities are presented as the normalized ratios ID/IG and DiffVD, where
DiffVD is defined:
𝐷𝑖𝑓𝑓𝑉𝐷 =

𝐼𝐷 𝐼𝑉
−
𝐼𝐺 𝐼𝐺

The DiffVD is used rather than the IV/IG ratio proposed by McDonald-Wharry et al., 2013 because
of increases in the ID/IG intensity are expected as the feedstock is increasingly transformed.
Because reductions in the intensity of the amorphous defect bands (A1 and A2) are expected as
pyrolysis proceeds (Yamauchi and Kurimoto, 2003; Smith et al., 2017), the IV/IG ratio is also
expected to decrease. However, when comparing two biochars if the increase in the ID/IG is
greater than the decrease in IV/ID ratio, the IV/IG ratio will increase despite the reduced
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contribution of the amorphous defect bands to the spectra. Increases in DiffVD are indicative of
reductions in the contribution of amorpohous defect modes to the Raman spectra.
2.4 Results and Discussion
2.4.1 Initial Characterization
Proximate and elemental analyses are common tools for characterizing biochar structure
and stability. Within the literature, there is a wide consensus as to how the thermal stability (in
proximate analysis) and elemental ratios change. Specifically, thermal stability increases with
increasing temperature and duration of pyrolysis, and H/C and O/C decrease under the same
conditions (Antal, 2004; Keiluweit et al., 2010a). As expected, all biochar groups in this study
demonstrated increases in the F/V ratio (from proximate analysis) in the biochar with the higher
pyrolysis temperature (HTT), except the Pm biochars which were not different from one another
(Table 2.1) (Beauchemin et al., 2014). The rate of increase between temperatures was different
among feedstock groups, from 0.3 to 1.9. The influence of feedstock was still observed among
those biochars with consistent pyrolysis conditions (Pm, Sg, W); F/V increased by 0, 0.3, and 1.5
respectively. Between the V1 and V2 biochars F/V increased by 5.9.
For all biochar groups, H/C was lesser in the biochar pyrolyzed at greater HTT (Table
2.1). The two biochar groups with lower temperatures of pyrolysis (Bw and Ax) had greater
decreases in H/C between the lower and higher HTT biochar (0.11 and 0.43 respectively), while
the other biochar groups were limited to a decrease of 0.05 or less within group. Likewise, O/C
was lesser in biochars of greater HTT for all biochar groups except the Pm biochars where O/C
increased (from 0.071 in the biochar produced at 450 ⁰C to 0.170 in the 500 ⁰C biochar).
Most biochars were identified to contain crystalline carbonate ash of some kind, except
for the Bw and Ax biochars. Silicates, quartz, albite, and magnetite are also identified in various,
but these should not be considered an exhaustive list of the inorganic constituents within
biochars. Amorphous species may constitute a considerable portion of the inorganic constituents
of a biochar, (specifically the high Si and P contents of the Sw and Pm biochars respectively
likely indicate amorphous silica and phosphates, respectively).
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2.4.2 Oxidative and Pyrolytic TG
Three major trends of mass loss are observed in TG-air thermograms (Fig. 2.3). All
biochars do demonstrate moisture loss (0-160 ⁰C), from 1 to 5% of the original sample weight
with a median of 3% (Table 2.2). After moisture loss, some biochars either demonstrate a sharp
onset of combustion (the Ax1, V1, B, Pm, Sg, and W biochars, non-bold in Table 2.2) between
250 and 300 ⁰C. The other four biochars (V2, Ax2, Sg biochars) had a higher temperature of
onset (354 – 443 ⁰C) (Table 2.2, in bold) without the sharp feature at the onset of combustion
(Fig. 2.3). Biochars with the lower onset of combustion had a lower temperature at which
combustion ceased (525 – 586 ⁰C), and those biochars with higher onset of combustion had
higher cessation temperatures as well (758 – 939 ⁰C). Likewise, T50-air was greater than 490⁰C in
biochars with high onset/cessation temperatures of combustion, and lower than 425⁰C in biochars
with low onset/cessation temperatures of combustion. Within these two groups, i.e. high stability
with T50-air > 490 ⁰C or low stability with T50-air < 425 ⁰C, T50-air did not increase uniformly
with onset/cessation temperatures of combustion.
Distinct carbonate mass loss was observed among all biochars with low T50-air but in
none of the biochars with high T50-air. Carbonate loss was determined by feedstock i.e.
carbonate loss ranged from 0.1 to 6% of the total sample mass, but biochars within a feedstock
group were not more than 1% different. The B2, Pm, and W biochars also demonstrated a second
sharp mass loss event (Fig. 2.3C, 3D, and 3F respectively), the temperature of which varied both
with feedstock and HTT (Table 2.2).
From the DTG thermograms, it would appear all biochars were completely combusted.
With the exception of the Pm biochars, all biochars had finished losing mass before 1000 ⁰C
(Fig. 2.3). The Pm mass loss at temperatures greater than 730 ⁰C (cessation of carbonate loss) is
commensurate with phosphate loss (Földvári, 2011), and high P content has been identified in
the Pm biochars (Beauchemin et al., 2014). Additionally, the total mass percent lost during TGair in total and during combustion was principally controlled by the ash present within the
biochar and was greater between feedstock types (2-37% ash) than within (<18% difference
among any feedstock group).
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Figure 2.3: Mass-loss (TG) and derivative mass loss (DTG) curves of oxidative
thermogravimetric analysis for the (A) vacuum (V1 and V2), (B) Airex (Ax), (C) basswood
(B), (D) poultry manure (pm), (E) switchgrass (Sg), and (D) willow (W) biochars. TG curves
are presented as dashed and grey lines and DTG curves as solid lines. The lower temperature
biochar (the #1 biochar) for a given group is presented as a bold line (DTG) or larger dashes
(TG).

Table 2.2: Temperatures and mass lost for relevant mass loss events during tg-air
Temperature of mass loss events (⁰C)
Mass lost (%)†
Onset of
Temp. of Cessation of Cessation of
Biochar
combustion 2nd event combustion‡ carbonate loss T50-air Moisture Combustion Carbonate Total
V1
286
*
587
757
418
4
80
2
87
V2
443
*
939
*
652
1
95
*
96
Ax1
299
*
541
674
375
3
95
0.1
98
Ax2
354
*
758
*
490
4
94
*
97
B1
260
*
590
710
403
3
92
0.7
95
B2
265
328
586
734
419
3
75
0.6
79
Pm1
273
401
537
718
390
3
52
2
66
Pm2
274
384
525
732
399
3
57
3
63
Sg1
359
*
872
*
548
3
91
*
94
Sg2
356
*
839
*
552
3
73
*
76
W1
251
368
536
826
370
5
79
5
89
W2
251
369
535
829
378
4
77
6
87

Ash‡
13
4
2
3
5
21
34
37
6
24
11
13

† Definition of mass loss events in TG-air : Moisture (25 - 160 ⁰C), Combustion (Temp. of onset - Temp. of cessation), Carbonate (Temp. of combustion
cessation - Temp. of carbonate loss cessation)
‡ The % of original mass remaining at 1000 ⁰C
* This mass loss event was not observed in this biochar
Bolded entries are high stability biochars, contrasted with non-bold (low stability) biochars
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As with TG-air, all biochars demonstrated moisture loss in TG-N2 (Table 2.3), with total
loss ranging from 1 to 5% and the median moisture loss again being 3% of the sample mass.
Following moisture loss, early stage mass loss demonstrated a relatively uniform mass loss rate
in most biochars (Fig. 2.4). This mass loss varied in length, beginning near 200 ⁰C and ending
between 340 ⁰C (Ax1, Fig. 2.4B) 557 ⁰C (V1, Fig. 2.4A). The early phase mass loss ended as the
mass loss rate increased into late phase mass loss.
The Ax1, B1, B2, and W1 biochars all exhibited the onset of late phase mass loss at <450
⁰C. Contrasted with the other biochars, these four biochars also had greater maximum mass loss
rate in the <650 ⁰C temperature region (above which carbonate loss is considerable in some
thermograms) (Fig. 2.4B, 4C, 4F). Additionally, these four biochars had lower T50-N2 (382–546
⁰C) than the other biochars (T50-N2 from 561 – 681 ⁰C), greater mass loss in the early phase (58 % contrasted with 2-6 %), greater percent mass loss in the late phase (12-46 % mass lost
contrasted with 1-14% mass lost in the high T50-N2 biochars), and greater total mass loss in the
total experiment (32-60 % mass lost vs. 11-29% mass lost in the high T50-N2 biochars). End
phase mass loss, however, was generally greater in the high T50-N2 biochars (4-15% contrasted
with 6-10 % in the low T50-N2 biochars).
Overall, T50-air and T50-N2 were not correlated (rs=0.4755, p=0.1182). The T50 for N2 and
Ox indicated two different thermal behaviors of highly pyrolyzed biochars (Fig. 2.5, Table 2.2).
Biochars with low T50-N2 (i.e. <550 ⁰C, both Bw biochars, Ax1, and W1 biochars) also had low
T50-Ox (<425 ⁰C). Biochars with T50-N2 above 550 ⁰C diverged into two categories; for the W2,
V1, and both Pm biochars the T50-air did not increase above 425 ⁰C, while for the Ax2, both Sg,
and the V2 biochars the T50-Ox increased proportionally to T50-N2.
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Figure 2.4: Mass-loss (TG) and derivative mass loss (DTG) curves of inert (N2)
thermogravimetric analysis for the (A) vacuum, (B) Airex, (C) basswood, (D) poultry manure,
(E) switchgrass, and (D) willow biochars. TG curves are presented as dashed and grey lines
and DTG curves as solid lines. The lower temperature biochar for a given group is presented
as a bold line (DTG) or larger dashes (TG).

Table 2.3: Temperatures and mass lost for relevant mass loss events during TG-N2
Temperature of mass loss events† (⁰C)
Mass Lost (%)
End of early
phase
T50-N2
Moisture
Early Phase
Late phase
V1
557
647
3
5
4
V2
512
681
1
2
1
Ax1
339
382
3
7
46
Ax2
422
561
3
4
14
B1
394
475
3
8
21
B2
395
514
3
5
17
Pm1
525
624
3
5
5
Pm2
564
658
2
5
3
Sg1
456
602
3
4
10
Sg2
503
634
3
4
6
W1
443
546
5
7
12
W2
465
599
4
6
8

End phase
4
6
8
10
6
7
14
15
12
11
10
11

Total
23
11
60
29
38
32
27
24
29
25
34
29

† Definition of mass loss events in TG-N2: Moisture (25 - 160 ⁰C), Early phase (160 ⁰C - End of early phase), Late phase (End of early phase - 650
⁰C), End phase (650 to 1000 ⁰C)
Bolded entries are high stability biochars, contrasted with non-bold (low stability) biochars
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Figure 2.5: Temperature of mass loss mid-point (T50) for inert and oxidative TG (TG-N2 and
TG-air respectively). The bold/solid marker is the lower pyrolysis temperature biochar of any
feedstock group (i.e. the #1 biochar identified in Table 2.1). The presented correlation
coefficient rs is the Spearman coefficient.
2.4.3 DR-FTIR Characterization
As expected, biochars with low T50-air/low T50-N2 (LL biochars) had greater intensity in
the ν(C-H)aliphatic region of FTIR spectra (2925 cm-1, Fig. 2.6C) than biochars with either high
T50-air/high T50-N2 (HH biochars) or low T50-air/high T50-N2 (LH biochars) (Fig. 2.6A and 2.6B
respectively). Additionally, these low T50-air/low T50-N2 had lesser intensity in the ν(C-H)aromatic
peak (3050 cm-1) that either of the other biochar groups. There were no obvious differences in
the intensity in these two bands when comparing groups the HH and HL biochars, though the V1
biochar (Fig. 2.6A) did have obviously greater ν(C-H)aromatic intensity than any other biochar.
Additionally, sorbed H2O is observed in every biochar except the V2 and the Ax1 biochar (Fig.
2.6C) has greater sorbed H2O than other biochars.
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Figure 2.6: FTIR spectra of biochars with (A) high stability in both TG-N2 and TG-air (LL), (B) low stability in TG-air but high
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Intensity in the 1700 cm-1 ν(C-O)carbonyl region is greater in the majority of the LL
biochars than in either the LH or HH biochars (Fig. 2.6). Conversely, ν(C=C) (1610 cm-1) and ν3
carbonate band (1430 cm-1) intensities are greater in the LH group than the LL group. In the HH
group, the ν(C=C) band intensity is not obviously different from the LH group, but the ν3
carbonate band intensity is less visible than in the LH biochars. In the three LH biochars with the
most apparent v3 carbonate bands, the 875 cm-1 carbonate spike is also visible, but in other
biochars this spectral feature is not clearly distinguishable from the other bands active in the
<1000 cm-1 region (e.g. out-of-plane deformations of aromatic C-H, the quartz doublet)
(Socrates, 2001; Russo et al., 2014).
Variation between biochars of different feedstocks in the intensity of sorbed H2O, ν(CH)aliphatic, and ν(C-H)aromatic bands was observed within each biochar group as well. Additionally,
the HH, LH, and LL groups were assigned for ease of comparison, but demarcation between
groups is somewhat arbitrary and from a single metric (T50). Biochars do not always conform to
group characteristics. This can be observed in the HH biochar Ax2 (Fig 2.6A), which has ν(CO)carbonyl intensity most similar to LL biochars. Likewise, the W1 biochar (from LL) had less
ν(C-O)carbonyl band intensity and greater ν(C=C) and v3 carbonate bands intensity than other LL
biochars and more similar to the HH/LH biochars.
The Ar/Al ratio of integrated areas following peak fitting varied both with pyrolysis
conditions (including temperature) and feedstock (Table 2.4). Between biochars of the same
feedstock (or within the vacuum group), the biochar pyrolyzed at a higher temperature had
greater Ar/Al. Additionally, LL biochars had lower Ar/Al (0.0-0.4) than biochars in the LH and
HH groups (0.5 – 2.5 and 0.4 -39, respectively), but the LH and HH groups were not obviously
different. The V biochars had greater Ar/Al than any other biochar, regardless of feedstock or
temperature, especially the V2 which had an Ar/Al 15 times greater than the V1. The magnitude
of the increase of Ar/Al was highly feedstock dependent, for example the Sg1 and W1 had
similar measures of Ar/Al, but the Sg2 biochar had more than double the aromaticity of the W2
biochar. The CH2/CH3 ratio, or the ratio between the area of the fitted asymmetric ν(C-H2) and
ν(C-H3), also increased with increasing HTT within each feedstock, and also demonstrated
feedstock dependency. Additionally, like Ar/Al the LL biochars had a lower range of CH2/CH3
(0.6 – 1.2) than the LH and HH biochars (1.3 – 4.1 and 1.3 – 3.2 respectively). Unlike Ar/Al,
aliphatic character was not enhanced in vacuum pyrolysis.
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Table 2.4: FTIR and Raman characterization data
FTIR
†
Ar/Al
CH2/CH3‡
Biochar
V2
39
-Sg2
1.1
3.2
High T50-air
High T50-N2
Sg1
0.4
1.4
Ax2
0.4
1.3
V1
2.5
2.4
Pm2
Low T50-air
1.5
4.1
High T50-N2
Pm1
0.8
1.8
W2
0.5
1.3
B2
0.2
0.9
B1
0.1
0.6
Low T50-air
Low T50-N2
Ax1
0.0
1.2
W1
0.4
0.8

Raman
ID/IG
DiffVD*
0.89
0.43
0.92
0.29
0.86
0.27
0.86
0.29
0.90
0.33
1.00
0.29
0.94
0.28
0.90
0.26
0.87
0.25
0.84
0.21
0.78
0.11
0.84
0.24

† The ratio of the integrated area of ν(C-H)aromatic to the sum of asymmetric and symmetric
ν(C-H3) and ν(C-H2) peaks
‡ The ratio of the integrated areas asymmetric ν(C-H2) to the asymmetric ν(C-H3)
* Defined as ID/IG - IV/IG.

The Ar/Al ratio increased proportionally with the ν(C-H2):ν(C-H3) ratio (rs=0.8818,
p=0.0003) (Fig. 2.7). Aromatic C increases and aliphatic C decreases with increased pyrolytic
transformation as aliphatic C is condensed or lost to gaseous and liquid byproducts (Kan et al.,
2016) and as early-stage pyrolytic products undergo aromatic condensation (Keiluweit et al.,
2010a; Wiedemeier et al., 2015), but Ar/Al at each pyrolysis stage is also highly feedstock
dependent (Singh et al., 2016). Along with that increase in aromaticity, there is a concurrent
alteration in the remnant aliphatic material, in which methylene bridges increase in proportion to
methyl groups. The V1 biochar was a notable outlier to the proportional increases in Ar/Al and
CH2/CH3, where its greater Ar/Al was not accompanied by concurrent increases in the CH2/CH3.
Additionally, the V2 biochar had an aromaticity ratio of 39 (Table 2.4) but no detectable
asymmetric ν(C-H2) or ν(C-H3) band intensity.

40

Vacuum
Airex
Basswood
Poultry Manure
Switchgrass
Willow

2.5

Ar/Al

2.0

1.5

rs: 0.8818
p: 0.0003

1.0

0.5

0.0
0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

CH2/CH3
Figure 2.7: Co-increase of CH2/CH3 and Ar/Al in multiple biochars. The V1 biochar
(Aemerge) did not have detectable intensity in the asymmetric ν(C-H2) and ν(C-H3) bands.
The bold/solid marker is the lower pyrolysis temperature biochar of any feedstock group (i.e.
the #1 biochar identified in Table 2.1). The presented correlation coefficient rs is the
Spearman coefficient.
2.4.4 Raman Identified Order in Aromatic Structures
Raman spectroscopy offers unique data on the aromatic C structure of condensed carbons
like biochars. This is due to the resonant enhancement of vibrational modes in aromatic C, to the
exclusion of aliphatic C related modes (except where aliphatic C is substituent to aromatic C)
(Ferrari and Basko, 2013). The ID/IG measures the proportion of aromatic sp2 C to total sp2 C.
The G peak, principally influenced by the GG/GL mode which is active in all sp2 C-C bonds, is a
measure of total sp2 C. The D peak, principally determined by activity in the D/Ds modes, are
constrained to 6 C aromatic rings. All 6 C aromatic rings are expected to be D mode active in the
small aromatic ring clusters present in biochar. (Tuinstra and Koenig, 1970; Lucchese et al.,
2010; Cancado et al., 2011; Ferrari and Basko, 2013; Smith et al., 2016). As the proportion of sp2
C present as 6 C aromatic rings, the ID/IG ratio will increase.
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Intensity of the D peak (1360 cm-1) relative to the G peak (1600 cm-1) was lower in LL
biochars (0.78 – 0.87) than in other biochars (0.9 – 1.00 and 0.86 – 0.92 for LH and HH biochars
respectively) (Table 2.4, Fig. 2.8A-C). Within individual feedstocks, ID/IG was always greater in
the biochar pyrolyzed at a higher temperature, but variation between feedstocks was also evident.
For example, the Pm biochars had greater ID/IG than the Sg biochars, despite identical pyrolysis
processes. By this measure, LL biochars had a smaller proportion of sp2 C present as aromatic C
than the LH and HH biochars, but also the feedstock had considerable influence over the amount
of sp2 C present as aromatic C and the rate at which that proportion increased during pyrolysis.
The 1440 and 1520 cm-1 points approximate the location of the A1 and A2 bands
respectively; in the LH biochars (Fig. 2.8B) the A1 band (1440 cm-1) is apparent as a shoulder to
the D peak in Pm2 and W2 biochars, while the A2 band is of lower intensity. In the LL biochars
(Fig. 2.8C), the A2 and A1 bands are closer in intensity and the A1 less distinct from the D peak,
i.e. the B1, Ax1 biochars. Likewise, in the HH (Fig. 2.8A) biochars the A1 and A2 bands are
closer in intensity and the A2 is less apparent as a shoulder to the D peak. However, with the
exception of the V biochars, the D peak shoulder at 1440 cm-1 can be observed in most biochars
in the LH and HH groups.
The DiffVD of the LL group is lower (0.11-.025) than the LH (.026 – 0.33) and HH
(0.27–.043) (Table 2.4). DiffVD approximates the intensity of several bands (A1 and A2) which
are understood to arise from amorphous defects within aromatic structures (Smith et al., 2016);
this metric also places the intensity of these bands in the context of (i.e. relative to) the D and G
peak intensity, so that a greater DiffVD indicates reduced amorphous defects. Both vacuum
biochars have greater DiffVD than all other biochars (0.33 and 0.43 for V1 and V2 respectively).
The biochars in the LL group greater amorphous defects than the LH and HH biochars, and the V
biochars have fewer defects than all other biochars.
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Figure 2.8: Baseline corrected Raman spectra of biochars with high stability in both TG-N2 and TG-air (A), high stability in TG-N2
but low stability in TG-air (B), and low stability in both TG-N2 and TG-air (C). All spectra are on the same vertical scale but are
shifted vertical to simplify comparisons.
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Concurrent with the increasing aromaticity observed by FTIR (i.e. increasing Ar/Al), the
proportion of sp2 C present as aromatic C (ID/IG) increased in biochars (rs=0.79, p<0.0001) (Fig.
2.9A). The V biochars were outliers to this relationship. Similar to the relationship between
Ar/Al and CH2/CH3 (Fig. 2.6), the increasing aromaticity of the V biochars was not accompanied
by increases in ID/IG which would be expected among the other biochars. Likewise, Ar/Al and
DiffVD demonstrated a very strong correlation (rs=0.9441, p<0.0001) (Fig. 2.9B), demonstrating
that increases in aromaticity were accompanied with reductions in the Raman identified defects
in the aromatic C structures approximated in by IV. These defects include 5 membered rings,
aromatic clusters with few aromatic rings, and heteroatom or other defects which cause out-ofplane deformations in aromatic rings (Smith et al., 2016).
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Figure 2.9: Concurrency of Ar/Al ratio (from FTIR) and Raman identified ID/IG (A) and
DiffVD (B) ratios. The bold/solid marker is the lower pyrolysis temperature biochar of any
feedstock group (i.e. the #1 biochar identified in Table 2.1). The presented correlation
coefficient rs is the Spearman coefficient.
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2.4.5 Relationships between T50-air, T50-N2, and Chemical Structure
The T50-N2 was inversely correlated with H/C (rs=-0.9720, p<0.0001) and O/C (r=0.7133, p=0.0092) (Fig. 2.10A, B), in approximately linear relationships. Within each feedstock
group, there was a decrease in H/C which coincided with increasing T50-N2 in the biochar with a
greater HTT. This was also true for the O/C except with the Pm biochars. The Pm biochars had
an increase O/C ratio between the Pm1 and Pm2 biochars despite an increase in T50-N2. The T50air was not significantly correlated with H/C (rs=-0.5295, p=0.0802) and was correlated with O/C
(rs=-0.6783, p=0.0153) (Fig. 2.10A, B). As with T50-N2, within a feedstock the higher HTT
biochar had a lower H/C or O/C and had a higher T50-air. The Pm biochars were again an outlier,
where O/C and T50-air was greater in the higher HTT biochar (i.e. Pm2). Neither T50-N2 or T50air was correlated with the F/V ratio from proximate analysis (Fig. 2.10C) (rs=0.5454, p=0.066
for T50-N2 and rs=0.5525, p=0.0652).
T50-N2 was also correlated with Ar/Al (rs=0.986, p<0.0001), ID/IG (rs=0.7902, p=0.0022),
and DiffVD (rs=0.9441, p<0.0001) (Fig. 2.11A). The relationship between T50-N2 and Ar/Al is
decidedly non-linear. Between the Ax1 (T50-N2=382 ºC) and Sg1 (T50-N2=602 ºC) the Ar/Al
increased from 0.0 to 0.4. From Sg1 to Pm2 (T50-N2=658 ºC) the Ar/Al increased to 1.5 and
increased again to 39 in V2 (T50-N2=681). Although the Spearman correlation coefficient (rs)
assesses the correlation in any monotonic relationship, the correlations between T50-N2 and either
ID/IG or DiffVD are approximately linear. T50-air was not significantly correlated with either
Ar/Al (rs=0.4905, p=0.1517) or ID/IG (rs=0.2378, p=0.4568). However, T50-air was correlated
with T50-air (rs=0.5525, p=0.0358) (Fig. 2.11C, D).
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Figure 2.10: Comparison of (A) H/C, (B) O/C, and (C) Fixed/Volatile matter ratio (from
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2.1). Spearman correlation coefficients (rs) are presented for each variable pairing.
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2.5 Discussion
2.5.1 Thermal Stability Indices are associated with Distinct TG Behavior
Biochars with high T50-air had patterns of mass loss during TG-air distinct from low T50air. The initial onset of combustion in low T50-air biochars was a very sharp peak in the DTG
graph, (Fig. 2.3A-D, E) for which the onset temperature was 250 – 300 ºC (Table 2.2). This is
consistent with combustion mass loss in cellulose and some hemicelluloses (i.e. xylan but not
glucomannan) (Beall, 1969; Gani and Naruse, 2007), demonstrating either that untransformed
cellulose/hemicellulose was present in the biochar or that cellulose or hemicellulose only passed
through early-stage decomposition (Piskorz et al., 1986; Hosoya et al., 2007) such that the
product still approximated the combustion behavior of untransformed cellulose and
hemicellulose. Continued combustion of cellulose and hemicellulose, as well as lignin
combustion, occurs and overlaps during the rest of the combustion phase of the TG-air
thermograms (Beall, 1969; Gani and Naruse, 2007) preventing specific identification via massloss events. Additionally, during the creation of biochars, the pyrolytic conversion of the original
lignocellulosic material generates new and independent materials (Piskorz et al., 1986; Pastorova
et al., 1994; Hosoya et al., 2007; Wang et al., 2017) some of which would may combust in the
combustion range seen in low T50-air biochars (250 – 600 ºC, Table 2.2). Additionally,
unambiguous carbonate-type loss (Földvári, 2011) and 2nd sharp mass loss events were restricted
to low T50-air biochars, though not present in all of them. The origin of this second event is
unknown; it may be the combustion of a relatively uniform chemical, volatilization of entrained
compounds, or still some other process . It is likely that this event is not the same
process/compound being lost among the different low T50-air biochars.
In high T50-air biochars, the higher onset temperature of combustion (350 – 450 ºC), the
wider range of combustion (350 – 940 ºC), and the lack of sharp features suggest more complete
conversion of the original biomass into various char products (Table 2.2, Fig 3A-F). Lignin
combustion can extend up to 800 ºC (Beall, 1969; Gani and Naruse, 2007), so we cannot
unambiguously differentiate between the combustion of pyrolysis products and remnant/partially
transformed biomass with high temperatures of combustion.
Biochars with low T50-N2 had generally lower end to early phase mass loss (340 – 443
ºC, Table 2.3) than biochars with higher T50-N2 (422 – 557 ºC). Despite this, the low T50-N2
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biochars had greater mass loss during the early phase (5 – 8%) than high T50-N2 biochars (2 –
6%) (Table 2.3). Most critical decomposition reactions (e.g. depolymerization, dehydration,
homolytic cleavage, melting, and randomized cross-linking) (Fig. 2.12) for lignocellulosic
materials occur below the early phase end observed in low T50-N2 biochars; most observed
cellulose and hemi-cellulose decomposition reactions occur below 350 ºC (Piskorz et al., 1986;
Pastorova et al., 1994; Hosoya et al., 2007); low T50-N2 biochars most likely had greater
untransformed or partially transformed lignocellulosic material. (It is possible that there are
products of lignocellulose pyrolysis which bear little resemblance to the original feedstock
material but which are pyrolyzable in the <350 ºC, but there is no specific evidence that these
compounds are significant contributors to the pyrolyzable components of biochars). The
extension of the early phase to higher temperatures in the high T50-N2 biochars demonstrates that
the major lignocellulosic decomposition reactions within these temperature ranges (i.e. <450 ºC)
were mostly completed during the biochar’s creation.
Additionally, low-T50-N2 biochars had consistently greater late phase mass loss (12 –
46% mass loss vs. 1 – 14% mass loss for high T50-N2 biochars). Significant lignin decomposition
occurs at least to 500 ºC and may exceed that as well (Wang et al., 2017). Additionally, at
temperatures near 500ºC and extending past 700 ºC (depending on feedstock) aromatic
condensation processes become a larger portion of the pyrolytic transformations occurring
(Wiedemeier et al., 2015). These data suggest that low T50-N2 biochars had both greater partially
transformed lignin content and that the aromatic char structures present were less condensed.
This corroborates the DR-FTIR and Raman data which show greater aromatic condensation
(greater ID/IG, lower H/C) and Ar/Al (Tables 1 and 4, Fig. 2.10A, 2.11A-C) in the high T50-N2
biochars.
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Figure 2.12: Hypothetical examples of reactions which occur during pyrolysis: (A)
dehydration resulting in new sp2 C-C bonds; (B) depolymerization of lignin resulting in new
sp2 C-C bonds as well as CO2 release which would reduce the %O of the resulting biochar, the
generation of a syringyl derivative: (C) homolytic cleavage. In reaction B, the lignin polymer
presumably finds a more stable form through resonance forms or further decomposition
reactions.
2.5.2 Feedstock-Independent Pyrolysis Trends and Stability in TG-N2
Across all feedstocks, there is a consistent trend of pyrolytic conversion despite differing
responses of feedstocks to pyrolysis. Specifically, as biochars become more stable in TG-N2 (i.e.
more completely pyrolyzed), they have a greater Ar/Al, greater CH2/CH3, greater DiffVD, greater
ID/IG, and reduced H/C and O/C (Fig. 2.7, 9, 10, 11). In other words, with a few exceptions as
these biochars become more completely pyrolyzed they become more aromatic, with a greater
portion of sp2 C present as aromatic C, and are depleted in H and O. Additionally, the aromatic
structures become less defected and the remnant aliphatic portions are increasingly dominated by
ethylene bridges or other CH2-structures.
The consistent overlap between LH and HH biochars in DR-FTIR derived Ar/Al and
CH2/CH3 measures and Raman derived measures of ID/IG (and to a lesser extend DiffVD) (Table
2.4) was due to the control the progress of pyrolysis had on these metrics. The distinguishing
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differences between LH and HH is high T50-air, but a high degree of pyrolysis is insufficient to
convey high stability in TG-air. Both LH and HH biochars were highly pyrolyzed, and so groups
were not distinguished in markers indicated a high degree of pyrolytic conversion.
These observations are consistent with the literature surrounding the pyrolysis of biomass
and the generation of biochars (McBeath and Smernik, 2009; Keiluweit et al., 2010b; Brewer et
al., 2012; McDonald-Wharry et al., 2013; Wiedemeier et al., 2015; Singh et al., 2016). This
dataset adds to our understanding by placing of biochars from multiple feedstocks along a single
continuum. Feedstock-dependent responses to pyrolysis are known to have considerable control
over the eventual biochar product (Hatton et al., 2016); the data presented in this study suggest
that this feedstock control is primarily a consequence of the rate of transformation. For example,
the lignocellulosic components of the Pm and Sg feedstocks converted more quickly that the
willow feedstock of the W biochars, either due to the specific mix of lignocellulosic components
of the influence of other components (i.e. phosphates). A new hypothesis from this data is that
under higher temperatures or longer pyrolysis times the W biochars would have approached the
same Ar/Al as the Sg and Pm biochars, accompanied by increases in DiffVD, reduction in H/C,
and increase in CH2/CH3.
There are two critical limitations in the application of the data in this study being applied
to biochar production in general. First, the biochars in this study were produced under very fast
pyrolysis, (e.g. <2 s for Pm, Sg, and W biochars, <15 s for V2) (Table 2.1). These low residence
times did not allow for the complete conversion of the feedstock to end state of the HTT. In
sufficiently slow pyrolysis, a char will convert to the most-pyrolyzed structure allowed by the
HTT and atmospheric conditions. Under fast pyrolysis, the rates of the various decomposition
and re-formation reactions may be a more important factor in the conversion of the feedstock to a
pyrolyzed product. Additionally, the pyrolysis of most of these products occurred between 400
and 500 ºC. These temperatures may not fully decompose certain lignins and may be below the
temperatures which allow critical condensation reactions. Extending the relationships between
T50-N2 and markers of the degree of pyrolytic conversion seen among these biochars to higher or
lower temperatures will require a greater scope, including samples from multiple fast pyrolysis
systems and atmospheres, with varying residence time and other relevant pyrolysis conditions
(e.g. cooling method).
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2.5.3 Structural Underpinnings of Stability in TG-air
Stability in TG-air was only significantly correlated with O/C and DiffVD (Fig. 2.10B and
2.11C). In both instances, the V1 biochar was a significant outlier, having the second highest
DiffVD and low O/C but also low T50-air. Previous work in high-temperature (>1000 ºC pyrolysis
temperature) coal chars (Wang et al., 2012) has connected the presence of oxygen-induced
amorphous defects in biochar as causing greater reactivity (i.e. reduced stability in an TG-air
environment). In another study ono a single feedstock, T50 in an oxidative environment was
correlated strongly to both O/C and IV/ID (Guizani et al., 2017).
High ash contents may also complicate the relationship between O/C and T50-air in these
or other biochars. However, the role of oxygen in the feedstock, however, has previously been
connected to the formation of cross-linking between aromatic clusters in various products of
condensed carbons (Franklin, 1951). These structures prevent the graphitization of C during
pyrolysis in materials derived from biomass. These defects would be expected to be active in the
Raman regions approximated in the IV measure (Smith et al., 2016) (and therefore would be
represented in the DiffVD methods used) . It is plausible, in this data, to ascribe the stability of
high T50-air biochars to low amorphous defects in the condensed portion of the biochar.
A high degree of pyrolytic conversion was also necessary for a high T50-air among these
biochar samples; there were no biochars with high T50-air and low T50-N2 (Fig. 2.5). It has been
previously established that, regardless of feedstock, biochars become more oxygen-depleted and
experience a reduction in amorphous defects as the pyrolysis is more complete, and the data in
this study suggest biochars must be highly pyrolyzed to achieve sufficiently ordered aromatic
structures to have high T50-air.
The influence of feedstock dependent parameters (e.g. the amount and type of oxygen,
interference from inorganic constituents) (Franklin, 1951; Brebu and Vasile, 2010; Fox et al.,
2012) are likely to control at what point of pyrolytic transformation a biochar becomes
sufficiently stable to have a high T50-air. Because the cross-linkages which limit graphitic
ordering are stable at high temperatures (Franklin, 1951), it is also possible that some feedstocks
may never produce a biochar with high T50-air.
Further research is necessary to expand on the relationship between O content,
amorphous defects, and the role of sample variability (i.e. within a non-homgenous biochar
sample). These correlations, though significant, are weak. Greater capture of variation within
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biochar samples and greater control over feedstock and pyrolysis temperatures (i.e. more
pyrolysis temperatures for each feedstock) will allow for greater understanding of feedstocks or
pyrolysis conditions which promote the condensed structures which allow for high stability in
TG-air and the point in pyrolysis when these structures emerge.
2.5.4 Unique effect of Vacuum Pyrolysis on Ar/Al
Extrapolating the effect of vacuum pyrolysis from these data would be unwise, given the
limited number of biochar samples used. However, among those samples an interesting effect
was observed. The Ar/Al measure was greatly enhanced under vacuum pyrolysis. However,
other markers of the progress of pyrolysis were not increased in the V1, i.e. CH2/CH3, DiffVD,
H/C and O/C, ID/IG. While these markers all indicated greater pyrolytic conversion in the V2
than in other biochars, it was pyrolyzed at 700 ºC (Table 2.1) and these data cannot separate the
effects of the increased temperature and the application of pyrolysis.
Vacuum pyrolysis encourages increased aromaticity by the more rapid and increased
clearance of liquid and gaseous products during pyrolysis (Garcìa-Pérez et al., 2007; Amutio et
al., 2011; Carrier et al., 2011; Pecha et al., 2017). Among these products are hydrocarbons and
carbohydrate oligomers which, under pyrolysis systems at positive pressures, may re-add to the
solid char (Pecha et al., 2017). This process also reduces total char production and decreases the
oxygen content of the bio-oil (Amutio et al., 2011; Pecha et al., 2017), serving as additional
evidence of the movement of C from the solid char to the bio-oil. Though the evidence here is
limited, the V1 data suggest that these re-added aliphatic compounds have little effect on the
progress of other pyrolytic transformations, including aromatic condensation.
2.6 Conclusion
The thermal stability of biochars TG-N2 and TG-air arises from different structural
origins. Stability in TG-N2 arises from the degree of pyrolytic conversion achieved during the
creation of the biochar, i.e. how much pyrolyzable material remains in the biochar. Different
feedstocks and different pyrolysis conditions (e.g. vacuum pyrolysis, effect of some inorganic
constituents) affect the rate at which different biochars pyrolyze and the degree to which
biochars pyrolyze in inert conditions, but most biochars fit within a single pyrolytic continuum.
In other words, different feedstocks pyrolyze at different rates, but along the same trajectory.
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Vacuum pyrolysis did upset this trend, increasing the proportion of aromatic C observed in FTIR
relative to the aliphatic C, but did not increase other markers of pyrolytic transformation.
Biochar stability in in TG-air was significantly and negatively correlated to O/C and the
quantity of amorphous defects in aromatic structures (as identified by Raman spectroscopy).
However, these correlations were weak (absolute values of the Spearman coefficients (rs) were
near 0.6). Further research is needed to identify whether the role of sample variability within
biochars and if there are additional structural factors which control TG-air stability.
Alternatively, a greater number of more diverse biochar samples may be sufficient to more
clearly establish the relationships between amorphous aromatic structures, O/C, and TG-air
stability.
(“ASTM D1762-84 - 1990 - D1762-84 - Standard method for chemical analysis of wood charcoal.pdf,”; ASTM,, 2012; ASTM D4239, 2008; Miller et al., 2013; Clemente et al., 2017)
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CHAPTER 3. APPLICATION OF PRINCIPAL COMPONENT ANALYSIS
AS METHOD OF SPECTRAL DECOMPOSITION FOR THE
CHARACTERIZATION OF AROMATIC STRUCTURES IN BIOCHARS
WITH RAMAN SPECTROSCOPY

3.1 Abstract
Raman spectroscopy, a non-destructive method for characterizing aromatic C in
condensed carbonaceous materials, was used to characterize a group of 21 biochars from diverse
feedstocks and pyrolysis conditions. The broad, Gaussian peaks characteristic of condensed
carbons, G (1700-1480 cm-1) and D (1460-1150 cm-1) were observed for all biochars and the
averages of pyrolysis temperature groups. Comparison of some of the substituent bands of the G
(GG/GL, A2 bands) and the D (A1, D, DS bands) was made by direct comparison of spectra. A
four-peak peak fitting model and direct measures of peak intensity in baseline corrected Raman
spectra were compared an application with principal component analysis as a method of spectral
decomposition. A consistent pyrolytic trend was identified, with each of the three methods of
quantification of Raman spectra agreeing. Bands originating with most defects (A1, A2, SL)
decreased in intensity as the intensity of bands originating with 6-carbon aromatic rings (GG/GL,
D’, D) increased. Additionally, a general hierarchy of the thermal stability of some defectassociated bands were identified: A2 associated defects (heteroatom and other points defects
causing out-of-plane bending vibrations) were generally less stable than A1 defects (5-C aromatic
rings and small poly-aromatic hydrocarbons (PAHs)) and the DS band (predominantly small
PAHs). An index of PC scores (PC1-PC2, or PCdiff) was used to compare Raman-identified
aromatic ordering with other measures of aromatic condensation. At low temperatures aromatic
condensation and aromatic order increased proportionally to one another, but at high temperature
increases in aromatic condensation were not always met with increases in aromatic order,
indicating increases in aromatic cluster size were not always commensurate with decreases in
aromatic defects.

3.2 Introduction
Feedstock and pyrolysis conditions (i.e. temperature, heating rate, and atmosphere)
interact to produce different physical and chemical structures within biochars (Hatton et al.,
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2016). The mechanistic processes of the pyrolysis of lignin, cellulose, and hemicellulose, from
which most biochar chemical structures are derived, have been the focus of considerable research
(Evans and Milne, 1987; Hosoya et al., 2007; Brebu and Vasile, 2010). However, given the
diversity of pyrolysis conditions and the variability in feedstock characterization (if any is done),
prediction of biochar physical and chemical structure from mechanistic modeling may be
difficult or impossible. Biochar characterization generally relies on characterizing post-pyrolysis
products.
The information gathered about biochar structure is used to understand the ability of
biochars to sequester carbon (Woolf and Lehmann, 2012; Fang et al., 2014, 2015), sorb nutrients
and contaminants (Laird et al., 2010; Uchimiya et al., 2012; Eykelbosh et al., 2015;
Kupryianchyk et al., 2016), alter soil biological communities (Lehmann et al., 2011; Zimmerman
et al., 2011), and support productivity and sustainability in agriculture (van Zwieten et al., 2010;
Enders et al., 2012; Borchard et al., 2014). Each method of characterization offers unique
information and has specific advantages and disadvantages in time, cost, and ease of analysis.
Raman spectroscopy is a non-destructive technique for characterizing the aromatic C
structure of biochars. In the spectral region from 1800 to 1000 cm-1, vibrational modes related to
sp2 C-C bonds are resonantly enhanced over those of sp3 C-C or sp3 C-H bonds (Ferrari, 2007),
and dominate the Raman spectrum. Consequently, Raman analysis provides unique structural
information regarding the size of aromatic clusters and defects (i.e. deviations from graphitic
structure) in biochars. In contrast, the method is insensitive to characterizing the aliphatic portion
(i.e., sp3 carbon) of biochars.
Tuinstra and Koenig were among the first to use Raman spectroscopy in studying
condensed carbon materials, specifically graphite (Tuinstra and Koenig, 1970). Two dominant
peaks, were identified, at 1575cm-1 and D ~1335cm-1 (Fig. 3.1). In undefected, single crystal
graphite the 1575 cm-1 peak appears alone and is termed the G (graphite) peak. This peak is
assigned to in-plane stretching modes with E2g symmetry which are active in all sp2 C-C bonds,
whether linear or cyclic (Ferrari and Robertson, 2000). The 1335 cm-1 peak appears only in
graphite with defects or in microcrystalline graphite and is termed D (defect). This peak arises
from a breathing mode of 6 C aromatic rings with A1g symmetry and is not observed in pure
graphite (Ferrari and Robertson, 2000; Lucchese et al., 2010). The D peak can also be induced in
single-crystal graphite by milling it to microcrystalline sizes (Tuinstra and Koenig, 1970; Ferrari
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and Robertson, 2000), demonstrating that crystalline edges function as defects in enabling the D
peak vibrational mode, and by inducing point defects with ion-beam bombardment (Lucchese et
al., 2010). A third peak, the D’, may appear as a high-wavenumber shoulder to the G peak in
some highly-graphitized systems, (Ferrari and Basko, 2013) though debate over the origin of this
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Figure 3.1 Examples of baseline-corrected Raman spectra of certain condensed carbon
samples, specifically biochars produced under high and low pyrolysis temperatures (HTT)
and graphite. Peaks are on an identical vertical scale but are offset for clarity. G and D peak
intensity positions (in cm-1) are labeled for each spectrum.
Amorphous condensed carbons, such as biochars, have a Raman spectrum considerably
different from graphite (Fig. 3.1). The D and G peaks remain the dominant features but widen
and appear Gaussian in shape, rather than the sharp Lorentzian peaks of graphite. This widening
of the peaks is considered to be indicative of disorder in the aromatic structures (where disorder
is defined as deviation from large-crystal graphitic structure) (Ferrari and Basko, 2013). In some
pyrolyzed products it may appear that the G and D peaks are convoluted; i.e. that the vibrational
modes are active over a wider range of the Raman shift. However, in more highly pyrolyzed
products, the inter G/D space is observed to be Raman active despite separation of the G and D
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peaks (Fig. 3.1). Vibrations of multiple other functional groups have been proposed as active in
the inter G-D region and as low wavenumber shoulders on the D peak, for example transpolyacetylene (Ferrari and Robertson, 2001) and numerous sp3 C-C and sp2 C-H (aromatic and
linear) modes (Wu et al., 2009; McDonald-Wharry et al., 2013) as well as diversity in bond type,
substitutions, point defects, and breathing modes of non-6 C aromatic rings (Ferrari and
Robertson, 2004).
A comprehensive modeling of vibrational modes active in the Raman spectrum of
condensed carbons using model poly-cyclic aromatic hydrocarbons (PAHs) was undertaken by
Smith et al., 2016. By applying first principles of symmetry operations in modeling PAH
compounds and induced defects, they identified 10 specific bands active in the Raman spectra of
condensed carbons (Table 3.1). These include the bands present in highly condensed carbons:
GL/GG, D, and D’, though the active vibrational modes in the D band are more complex than in
graphite. The D’ band was found to be active predominantly in larger (>7 rings) PAHs. The GL/GG
band are not distinct modes, but two empirical forms of the same vibrational mode active in
graphite. A sharper Lorentzian peak (GL) is expected when aromatic clusters are larger and more
condensed. Smaller PAH moieties and the presence of sp3 substituents result in a less intense and
broader gaussian peak (GG). The C band, active at wavenumbers higher than the GL/GG and D’
bands, originates with carbonyl functional groups, but are weak. The inter-G/D area and the highwavenumber D peak shoulder were confirmed to originate with defects, specifically cyclopentane
rings and some point defects (A1) and point defects causing out-of-plane deformations and
heteroatom defects (A2). The D and DS bands are difficult to interpret due to multiple active
vibrational modes (breathing and Kekulé), all originating in 6-membered aromatic rings. The DS
does appear to be more active in small PAHs, and was observed as low-wavenumber shoulder on
the D peak in cellulose chars. In more condensed aromatic structures, the DS band reduces in
intensity and in distinctiveness as a shoulder on the D band, which shifts its center position (i.e.
position of maximum intensity) to lower cm-1 as structures become more condensed. The S and SL
bands originate with small PAHs and aromatic rings with 7 or more C, which are defects.
Additionally, the authors identified aliphatic substituents to aromatic clusters were demonstrated
to reduce intensity of the D band vibrational mode and increase intensity in regions under the A1,
A2, DS, and S bands. Likewise, aliphatic substituents can reduce maximum intensity in the G peak
mode while increasing the width.
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Raman spectroscopy has been used to track development of condensed aromatic moieties
within biochars and other biomass-derived materials. The primary goal of these studies has been
to detail the evolution of aromatic structures under specific pyrolysis conditions (Debalina et al.,
2017), or from specific feedstocks (Yamauchi and Kurimoto, 2003; McDonald-Wharry et al.,
2013; Zhao et al., 2013; Mukome et al., 2013; Stefaniuk and Oleszczuk, 2015; Guizani et al.,
2017). Still other studies examine the aromatic structure following functionalization of biochars
with organic (Yan et al., 2013; Chakravarti et al., 2014) and inorganic additives (Chia et al.,
2012; Venkateswarlu et al., 2016; Feng et al., 2017b). Finally, other studies have used Raman to
characterize biochars in order to understand environmental behaviors such as contaminant
sorption (Qin et al., 2015; Ahmed et al., 2017; Li et al., 2017), and the transformation of char
structures following soil incubation (Inoue et al., 2017).
Due to the complexity of the Raman spectra, interpretation of differences between
condensed carbons often (but not always) rely on spectral deconvolution through iterative peak
fitting models. Some of these models approximate the active bands into few peaks (Wu et al.,
2009; Tsaneva et al., 2014), while others represent each band individually (Hu et al., 2015; Feng
et al., 2017a; Smith et al., 2017). Peak fitting has advantages; it allows for comparison of
individual modes and may be directly replicated by different researchers and in different
experiments. Conversely, like all models peak fitting can also be prone to overfitting and
susceptible to bias in the initial parameters.

Table 3.1: Summary of Peak Assignments (Reproduced from Table 4, pg. 688 of Smith et al., 2016, with permission from Elselvier)
Position
Band
Assignment
(cm-1)
975 - 1075 SL
Breathing modes for small aromatic regions, secondary breathing mode for 7+ membered ring
1150 -1200 S
Breathing mode for rings containing 7+ carbons with Kekulé modes in adjacent benzene rings, benzene ring
breathing modes adjacent to heteroatom defects
1250 - 1300 DS Assorted breathing modes for most PAHs
1340 - 1380 D
Combined breathing/ Kekulé vibrations for PAHs. Larger more symmetric systems show peaks near 1350
cm-1, while peaks for smaller systems move towards 1400 cm-1
1400 - 1460 A1 Breathing mode for 5-membered rings with Kekulé vibrations in adjacent 6-membered rings and near pure
Kekulé in small ring systems and moieties
1480 - 1550 A2 Mixed breathing and asymmetric stretch vibrational modes for sp2 carbons near defects causing out of plane
deformation. Heteroatom defects tend to cause greater red shift
1570 - 1600 GG Distributed asymmetric vibrations for distribution of small PAHs
1570 - 1600 GL Standard E2g mode for large PAHs
1605 - 1650 D’ Double resonance activated breathing mode
1750 - 1800 C
Carbonyl stretching mode, very weak
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The sample set of biochars used in this investigation have been rigorously characterized
in a comprehensive ring-trial which did not include Raman spectroscopy, (Singh et al., 2017).
Using data available from that body of work, this study used PCA as method of spectral
decomposition to establish a trend of pyrolytic transformation in the aromatic structure of
biochars. This method of spectral decomposition is compared with other methods of quantifying
the Raman spectra (i.e. direct measure of intensity and peak fitting) to explore the relative utility
of the PCA method of decomposition relative to other method of quantification. PCA is
hypothesized to be well correlated with specific indices of Raman identified aromatic ordering
but will offer a more comprehensive picture of transformation in the spectra than other methods
of quantification. Finally, the PCA method is compared with measures of aromaticity and
aromatic condensation to establish the co-evolution of Raman-identified aromatic order with
other characterizations of aromatic condensation and examine the outliers to any established
relationship.
3.3 Materials and Methods
Biochars were provided as part of collaborative study among multiple researchers and
institutions, the results of which were published in Biochar: A Guide to Analytical Methods
(Singh et al., 2017). The feedstock and highest pyrolysis temperature (HTT) are listed in Table
3.2. Pyrolysis conditions were slow (40-45min) with low Δ⁰C (≤10⁰C min-1). The durian shell
biochar (#19) was created using a traditional Thai charcoal kiln, i.e. a closed container in which a
fire is set and allowed to smother itself, and pyrolysis may be supported by an external heat
source.
All spectra were collected on an Acton Research Corporation Spectra Pro-500
Spectrograph, using a monochromator diffraction grating of 1200 grooves mm-1 and a liquid-N2
cooled Princeton Instruments CCD detector. A Spectra-Physics HeNe laser of 632.8 nm
wavelength (Model 127) was used for sample excitation. A 0.1 neutral density filter (NDF) was
used to reduce laser power from 25 mW to 2 mW at the sample in order to prevent flaring or
ignition of the sample, which was observed at the sample surface when viewing the biochar
under laser excitation with red-laser specific safety goggles. The NDF successfully prevented
flaring on all subsequent observed samples. Samples were presented as unpacked and undiluted
biochars milled to <150µm particle size in 1.27 cm circular stainless-steel sample dishes (0.316
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cm depth). The sample surface was scraped to provide a flat surface, but samples were not
compacted. To maximize signal-to-noise, 30 s accumulated acquisition were used for each
constituent spectrum, collected through an Olympus BX60 microscope with a 50X objective
lens. Nine to ten constituent spectra were collected for each sample, and the presented final
spectra are the averages of seven to ten constituent spectra per final spectra.

Table 3.2: Biochar feedstock and treatment temperatures
ID# Feedstock
HTT (⁰C)
1 Wheat Straw
550
2 Wheat Straw
700
3 Switchgrass
400
4 Switchgrass
550
5 Pine Chips
400
6 Pine Chips
550
7 Eucalyptus Wood
400
8 Eucalyptus Wood
550
9 Poultry Litter
550
10 Anaerobic Fermentation (AF) Digestate
700
11 Municipal Greenwaste
550
12 Rice Husk
550
13 Rice Husk
700
14 Miscanthus
550
15 Miscanthus
700
16 Mixed Softwood
550
17 Mixed Softwood
700
18 Greenhouse (Tomato) waste
550
19 Durian Shell
400
20 Grass Straw (risotto rice)
450
21 Chestnut Wood
450
The laser was manually focused on the sample and was considered focused when the
maximum intensity of repeated 1 s exposures could not be increased through further focusing.
Some variation in Raman and fluorescent intensity due to focusing and diffraction/reflection of
the laser from the sample surface was observed. There was no relation between time of the laser
on a sample spot or the order of sampling spots and fluorescent intensity. Differences in
fluorescent intensity also varied between sample locations for each biochar sample. To avoid
biasing average spectra to one constituent spectra, a constituent spectrum was excluded from the
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averaged spectrum when the intensity of the underlying fluorescence was more than 1.5 times
greater or lesser than the fluorescence of the nearest spectra.
Winspec (Princeton Instruments, Inc) was used during collection, Omnic (Thermo
Scientific, Inc) for compositing and averaging spectra, and GRAMS/AI (Thermo Scientific, Inc.)
software was used for baseline correction and to remove the effects of cosmic rays. For all
averaged samples, a 10 cm-1 straight line was imposed between 1025-1000 cm-1 to remove the
effect of a dead pixel on the CCD, (the exact position of the dead pixel varying with daily
calibration). Further imposed lines were used to remove obvious solar/cosmic noise and were
near or below 10 cm-1 in length. Spectra were baseline-corrected with a quartic line prior to
further analysis.
Raman spectra were evaluated using both a peak fitting model and peak intensities from
Raman spectra (Fig. 3.2). An iterative peak fitting model with 4 peaks (G, D, A, and T) was
used, adapted from McDonald-Wharry et al., 2013 and Tsaneva et al., 2014. Peak position and
width were fixed for A and T (Fig. 3.2) and the G peak had an initial mixed Gaussian/Lorentzian
character of 0.5. All other peaks were restricted to Gaussian shape. Initially a 5 peak model
which included a D’ peak (center position >1600cm-1, (Ferrari and Basko, 2013; McDonaldWharry et al., 2013)) but the model consistently reduced this peak to 0 intensity so it was
eliminated and the simplified model rerun. All peak fitting was conducted on GRAMS/AI
(Thermo Scientific, Inc.). An eight peak model, adapted from Smith et al., 2016, was attempted
but could not be made to provide sensible or consistent results. The attempt at this model, as well
as a discussion of the best attempted model and reasons for rejecting its results are discussed in
Appendix A.
Peak intensities IG, IV, and ID were taken from the baseline-corrected spectra without peak
fitting activities (Fig. 3.2). The IG and ID peaks was defined as the maximum intensities at 16251550 cm-1 and 1450-1300 cm-1 respectively and IV was defined as the minimum intensity
between 1525 and 1400 cm-1. The IV band is intended to approximate the intensity of amorphous
defects, principally those defined by the A1 and A2 bands described in Smith et al., 2016, though
aliphatic substituents to the aromatic structure may also be significant contributors to intensity in
this region (McDonald-Wharry et al., 2013; Smith et al., 2016). In this study, the DiffVD metric is
used to place the IV in context of both the IG and ID measures. DiffVD is calculated:
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𝐷𝑖𝑓𝑓𝑉𝐷 =

𝐼𝐷 𝐼𝑉
−
𝐼𝐺 𝐼𝐺

This metric is used rather than IV/IG, as IV/IG may not be able to accommodate co-variation
in ID and IV. When comparing biochars from many feedstocks and pyrolysis conditions, the
relationship observed between ID and IV observed in single-feedstock thermosequences (IV/IG
decreasing and ID/IG increasing (Yamauchi and Kurimoto, 2003)) may not be maintained. It is
plausible that two biochars may have similar IV/IG ratios but largely different ID/IG ratios, similar
to the biochar spectra in Fig. 3.2. In that example, the higher HTT biochar clearly has obviously
reduced intensity in the region approximated by the IV measure. As DiffVD increases, the
intensity of the IV relative to normalized D peak decreases, and so the intensity of the amorphous
defect bands approximated by the IV measure decrease.
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Figure 3.2: Examples of baseline-corrected Raman spectra of certain condensed carbon
samples, specifically biochars produced under high and low pyrolysis temperatures (HTT)
and graphite. Peaks are on an identical vertical scale but are offset for clarity.
Because Raman and fluorescent intensity varied due to the sample collection process and
sample characteristics not related to the chemical structure of the biochar, each spectrum was
normalized to its own maximum intensity prior to analysis. Prior to PCA, spectra were also Z-
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standardized, i.e. each spectrum was reduced by the average of all 21 spectra then divided by the
standard deviation of all 21 spectra. Both Z-standardization and PCA were conducted with SAS
9.4. The PROC IML procedure was used to solve single value decomposition (Shlens, 2009; Xu,
2012) to complete PCA. Simulated spectra were reconstructed using artificial PC scores but were
un-standardized using the actual average spectra and standard deviation of the 21 sample
biochars.
Other characterization of these biochars was performed, the results of which were reported
in the book Biochar: A Guide to Analytical Methods (Singh et al., 2017). Elemental analysis (i.e.
H/C and O/C molar ratios), benzene polycarboxylic acid (BPCA) digestion and analysis, and
sorbed benzene -Δδ 13C NMR shift are compared to measures of Raman-induced aromatic
ordering. Diffuse-reflectance FTIR, proximate analysis, and total elemental concentrations using
acid digestion/ICP-OES quantification were also used was used in identification of inorganic
species and aliphatic functional groups. In brief, BPCA relies on the conversion of black carbon
(including biochars) to BPCA through nitric acid oxidation, followed by quantification (using
various methods) (Brodowski et al., 2005; Schneider et al., 2010). Mellitic acid (B6CA, or
benzene hexacarboxylic acid) only forms from the BPCA conversion of an aromatic ring
surrounded entirely by other aromatic rings (a core ring), so B6CA as a percent of total BPCA
(%B6CA) is used as a metric of aromatic condensation (Hammes et al., 2007). A biochar with
greater aromatic condensation will have more aromatic structures with core rings, and therefore a
greater %B6CA. Characterization by Δδ 13C NMR shift relies on sorption of 13C-labled benzene
to the biochar to by analyzed (McBeath and Smernik, 2009; McBeath et al., 2011). Compared to
the neat 13C-labeled benzene, the chemical shift of sorbed 13C-labled benzene decreases as
aromatic condensation increases. The difference between the δ 13C position of the neat benzene
and sorbed benzene is termed the -Δδ shift. Diffuse reflectance FTIR was performed on biochars
diluted to 5% in KBr. Final results were presented in Kubelka-Munk (KM) units (Johnston,
2017).
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3.4 Results and Discussion
3.4.1 Qualitative Differences in Baseline-Corrected Raman spectra within and between
Temperature Groups
Raman spectra of biochars demonstrate consistent temperature dependent differences
(Fig. 3.3). Comparatively, among the 400-450 ºC biochars the intensity of the D peak is lower in
proportion to the G peak than in the 550 ºC and 700 ºC biochars (Fig. 3.3A). The inter G to D
peak area (centered near 1500 cm-1) also has greater intensity than in the 550 ºC and 700 ºC
biochars. Due to convolution with this region, the G peak is wider in the 400-450 ºC biochars. A
shoulder to the D peak near 1400 – 1450 cm-1 is observed in some 400-450 ºC biochars.
This D peak shoulder and a lower wavenumber D peak shoulder (~ 1200 cm-1) are
observed in many 550 ºC biochars (Fig. 3.3B). Because the D/G intensity ratio is generally
greater than in 400-450 ºC biochars and the inter G-D area has lower intensity that in 400-450 ºC
biochars, the greater appearance of the 1450 cm -1 shoulder is most likely due to inequal
decreases in the intensity of bands in the inter G-D area. The trend between 400-450 ºC and 550
ºC biochars is continued in the 700 ºC biochars; the D/G intensity ratio of all 700 ºC biochars is
greater than in most 550 ºC biochars, the intensity of the inter G-D area continues to decrease,
the G band continues to narrow, and the high and low wavenumber shoulders on the D band are
less apparent or not observed (Fig. 3.3C). Additionally, all 700 ºC biochars demonstrate a sharp
change in the spectrum shape near 1150 cm-1; at wavenumbers above this point the slope is much
greater and the change is abrupt. This feature is observed in some 550 ºC biochars and in no 400450 ºC biochars. Variation within the temperature groups is greatest in the 550 ºC biochars, both
in maximum intensity of the Raman spectra as well as in specific features of a spectrum i.e. the
appearance of D peak shoulders, G peak width, etc. Lignin pyrolysis occurs at temperatures
greater than 550 ºC, so greater variation may be expected due to partial transformation of lignin
(Brebu and Vasile, 2010; Kan et al., 2016). Because the 550 ºC biochars also had a greater
number of samples, greater variation in the lignocellulosic material present in the feedstock
should be expected as well and due to this greater variation in the degree of transformation of the
feedstock during pyrolysis. Variation in maximum intensity and spectral features was least in the
700 ºC biochars. Previous studies have demonstrated that a stable pyrolytic product is created
from biomass at high temperatures, and cannot be further pyrolyzed by normal pyrolysis (i.e.
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<1000⁰C) (Franklin, 1951; Oberlin et al., 1980). The reduced variation in the Raman spectra
among the 700⁰C group may be due to the biochar approaching this pyrolytic endpoint.
The D peak shoulders and the width of the G peak are related to specific amorphous
defects and small aromatic clusters (Fig. 3.4). Among the temperature group averages, as the G
peak width decreases with increasing temperature less of the G peak is within the A2 band range,
demonstrating a reduction of heteroatom inclusions and other defects which cause out-of-plane
deformation vibrations (Table 3.1). Likewise, the D peak shoulders which are most prominent
and apparent (at 1450 cm-1 and 1250 cm-1) in the 550 ºC temperature group average spectrum
align with the A1 and Ds bands respectively. The A1 band arises in five C aromatic rings and
small aromatic systems (i.e. a small number of conjoined aromatic rings), while the DS band is
active in most PAHs (Smith et al., 2016). The effect of sp3 constituents confound these bands
assignments as the sp3 C substituents can alter the wavenumber at which certain aromatic
vibrational modes are active including within the A1, A2, and DS band ranges (Hu et al., 2015;
Smith et al., 2016), and the number of substituent sp3 C affects the degree to which the modes
are shifted (Smith et al., 2016). It can be concluded that the vibrational modes underlying the A1
and DS bands are more thermally stable than the modes within the A2 band, in other words as the
intensity in A1, A2, DS, and S bands are reduced between 400–450 ºC and 550 ºC the A1 and DS
decreased more slowly than the other bands, thus appearing as shoulders in the 550 ºC bands.
However, given the overlapping influence of aromatic defects and sp3 substituents in the
shoulder bands, these shoulders cannot be unambiguously assigned to the aromatic defect modes.
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Figure 3.3: Baseline corrected Raman spectra of all 21 biochar samples grouped by pyrolysis temperature: (A) 400-450⁰C,
(B)550⁰C, (C) 700⁰C. The bold line within each temperature group is the average of the temperature group, while the grey area
highlights the difference between the sample with greatest and least intensity.
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Figure 3.4: Average Raman spectra of biochars from each temperature group. Bands from
Smith et al. (2016) are highlighted in grey.
3.4.2 Competing Methods of Quantifying Raman Spectra of Biochars
3.4.2.1 Peak Fitting and Direct Measure of Peak Intensities
Results from peak fitting demonstrated a mean G peak center position that was
significantly red shifted (i.e. moved to a greater wavenumber in the Raman shift) in the 550 ºC
biochars from the 400-450 ºC biochars (while the 700 ºC are not different from the 550 ºC
biochars) (Table 3.3). Likewise, the mean D peak center position is significantly blue shifted
from 400-450 ºC to 550 ºC and from 550 ºC to 700 ºC. The mean width of the G peak decreased
significantly between the 400-450 ºC and 550 ºC and 700 ºC biochars (which were not different
from one another), while the mean D peak was significantly narrower in the 700 ºC than in the
other two temperature groups (Table 3.3).
The D/G peak area was not different among temperature groups (Table 3.3). The mean
A/G was greater in the 700 ºC than in either the 400-450 ºC and 550 ºC biochars, which were not
different from one another. Finally, the mean T/G area ratio of the 400-450 ºC group was not
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different from the 550 ºC or 700 ºC, but the 550 ºC biochars having a significantly smaller mean
T/G than the 700 ºC.
Variation within temperature groups was either greatest in the 400-450 ºC biochars (D
center position, D width, and D/G ratio) or in the 550 ºC (G center position and G width). The
700 ºC had the lowest variation among the temperature groups except in G peak center and width
(in which the 700 ºC and 400-450 ºC biochars had equal σ) or the A/G area ratio in which all
temperature groups had equal variation.
Corroborating the qualitative observations, the peak fitting observed a relative separation
of the G and D points of maximum intensity (or center position in peak fitting), and narrowing of
the G and D peaks, a reduction in the intensity of the amorphous and small PAH bands (A1, A2,
DS) and sp3 C-induced intensity in the same area as these bands. Continuatively, the more highly
pyrolyzed biochars have a greater A/G peak area ratio, despite the A peak being used to
approximate the A1 and A2 amorphous defect bands (or sp3 C induced intensity). The initial
peak-fitting conditions (Fig. 3.2) give initial precedence to the G and D fitted peaks. As intensity
in the A2 band is reduced (Fig. 3.4) with increasing temperature, the fitted G peak must narrow.
Likewise, decreases in the A1 and DS bands requires the D band to narrow with increasing
temperature; thus, the G and D peaks are no longer convoluted in the inter-G/D area. Despite this
the intensity in the inter G/D area does not decrease to zero, so the A peak intensity/area must
increase. Therefore, although the A peak is included in the peak fitting model to approximate the
A1 and A2 bands, observed changes in the A peak area are caused by temperature-induced
changes in the fitted G and D peaks. Because these changes involve reduction in the intensity of
the A2, A1, and DS band regions, increases in the A peak (and A/G peak area ratio) are correlated
with decreases in these amorphous defect, small PAH, and sp3 C substituent bands.

Table 3.3: Selected characteristics of peaks or bands resulting from the spectral deconvolution of baseline corrected Raman spectra (Peak Fit
Analysis), heights from baseline corrected spectra (Direct Measure), and principal component analysis (PC Scores)
Peak Fit Analysis
Direct Measure*
Peak Position (cm-1) Peak Width (cm-1)†
Ratios of Peak Area
Ratios
HTT
ID # G
D
G
D
D/G
A/G
T/G
ID/IG
DiffVD
19
1588
1362
108
262
2.00
0.08
0.27
0.97
0.05
7
1590
1371
107
291
2.11
0.04
0.19
0.94
0.05
5
1590
1366
101
255
1.71
0.05
0.15
0.95
0.05
400-450 ºC
3
1588
1363
104
244
1.68
0.07
0.21
0.95
0.06
21‡ 1586
1367
107
252
1.69
0.08
0.20
0.93
0.04
20‡ 1590
1384
98
366
4.02
0.02
0.10
0.96
0.02
Mean: 1589 b
1369 a
104 a
279 a
2.20 a 0.06 a 0.19 ab 0.95 c
0.05 b
σ:
1
8
4
46
0.91
0.02
0.60
0.015
0.015
8
1592
1359
92
261
1.98
0.06
0.13
0.95
0.09
18
1589
1356
108
262
2.36
0.11
0.20
1.03
0.07
14
1593
1352
86
254
2.08
0.07
0.15
0.94
0.15
16
1593
1353
88
248
1.99
0.07
0.21
0.93
0.15
11
1597
1344
86
224
2.00
0.13
0.13
0.95
0.22
550ºC
6
1594
1348
85
242
1.96
0.08
0.14
0.94
0.17
9
1592
1366
104
285
2.27
0.06
0.22
0.97
0.07
12
1593
1350
89
248
2.04
0.09
0.22
0.98
0.14
4
1596
1351
83
261
2.23
0.07
0.11
0.95
0.12
1
1594
1355
91
274
2.48
0.06
0.25
1.00
0.14
Mean: 1593 a
1353 b
91 b
256 a
2.14 a 0.08 a 0.18 b
0.96 b
0.13 ab
σ:
2
6
8
17
0.18
0.02
0.50
0.05
0.03
10
1593
1343
92
225
2.04
0.15
0.24
1.01
0.23
15
1594
1341
88
221
2.17
0.17
0.22
1.00
0.23
700ºC
17
1596
1337
81
223
2.1
0.15
0.2
0.95
0.31
13
1595
1338
89
219
2.12
0.18
0.22
1.03
0.20
2
1594
1344
90
235
2.14
0.13
0.23
1.00
0.20
Mean: 1595 a
1341 c
88 b
225 b
2.11 a 0.16 b 0.22 a
0.99 a
0.24 a
σ:
1
3
4
6
0.05
0.02
0.02
0.04
0.03
† The width shown is the full width at half maximum of the fitted peak
‡ Indicates biochars pyrolyzed at 450 ºC
* These ratios were calculated from peak or band heights at IG, ID, and IV (Fig. 2) from baseline corrected spectra
** From principle component analysis, PCDiff is the difference between PC1 and PC2.
Different letters following temperature group means indicate significant differences between means within a column

PC1

PC Scores
PC2

PCDiff

26
17
-6
8
5
24
13 b
12
-14
14
-15
-4
-27
-20
29
1
-19
25
-3 ab
19
1
-15
-21
-12
1
-9 a
10

3
-12
-22
-13
-20
-11
-13 c
9
-14
11
-5
-2
1
-6
2
5
-2
17
0.6 b
9
14
15
10
15
16
14 a
3

23
30
17
22
26
35
25 a
6
0
3
-10
-2
-27
-14
27
-4
-17
8
-4 b
15
-13
-30
-30
-28
-14
-23 c
9
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The reduction of the intensity in the A2, A1, and DS bands (and the resulting narrowing of
the fitted G and D peaks) also results in the drifting apart of the G and D center peak position.
The observed G peak and D peak are the result of the convolution of multiple bands. For the G
the convoluted bands are the D’, GG/GL, and A2. For the D peak the convoluting bands are the
A1, D, DS, S, and SL bands. However, as the A2 band reduces in intensity with increasing
temperature the G peak is controlled in greater proportion by the GG/GL band intensity, causing
the G peak center position to red shift towards the GG/GL band. Likewise, as A1 decreases in
intensity, the D peak shape is controlled in greater proportion by the D band, causing the D peak
center to blue shift towards the D band. The DS band is also expected to decrease in intensity
with increasing temperature (i.e. the appearance of a D peak shoulder within the DS band region
in the 550 ºC biochars and the subsequent disappearance of this shoulder in the 700 ºC biochars,
Fig. 3.4). Some 700 ºC biochars (# 13, 17) had D peak center positions outside the described D
band range, suggesting continuing influence from the DS band. From qualitative evaluation (Fig.
3.4) it is not obvious how the D’, S, and SL bands alter the peak shapes of the G and D peaks,
including the center positions of the fitted peaks.
The mean ID/IG ratios increased significantly between each temperature group as the HTT
increased, though the total change was small (0.95 in 400-450 ºC to 0.99 in 700 ºC). Variation
within temperature groups was greatest in the 550 ºC biochars (σ = 0.05) but lowest in the 400450 ºC (σ = 0.02). The mean DiffVD increased with increasing HTT but was only significantly
different between the 400-450 ºC (DiffVD = 0.05) and 700 ºC biochars (DiffVD = 0.24); the 550 ºC
biochars had a mean DiffVD of 0.13. Variation among these temperature groups was greater in the
550 ºC and 700 ºC biochars (σ = 0.03) than in the 400-450 ºC biochars (σ=0.02).
An increase in ID/IG has previously been described as resulting from an increase in the
proportion of sp2 C present as six C aromatic rings (Ferrari and Basko, 2013; McDonald-Wharry
et al., 2013); across the diverse feedstocks used in this sample set of biochars, increased HHT
increases the proportion of sp2 C present as six C aromatic rings. Similarly, the IV/IG has been
used to approximate bands originating with amorphous defects and sp3 C substituents
(McDonald-Wharry et al., 2013; Hu et al., 2015; Smith et al., 2016), so amorphous defects and
sp3 C substituents were consistently reduced as HTT increased.
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3.4.2.2 Principal Component Analysis of Raman Spectra
3.4.2.2.1 Principal Component Spectra
Principle component analysis (PCA) offers a different method of spectral analysis. Unlike
iterative peak fitting, PCA is not a modeling procedure and is not susceptible to overfitting nor is
it dependent on initial parameters (and the assumptions necessary in setting initial parameters).
Instead, PCA decomposes spectra by algorithmically defining vectors which explain a majority
of variance between the included spectra (Shlens, 2009). These new vectors may be plotted as
principal component (PC) spectra; spectral features present together in a PC spectrum co-vary. In
other words, if two bands are both positive or negative in a PC spectrum they tend to increase or
decrease proportionally to one another in the sample set. If one bands is negative and another is
positive, those two bands tend to vary in a way inversely proportional to one another. These PC
spectra serve an identical purpose to the eigenvectors reported in more conventional applications
of PC analysis; each sampling point in the spectra (about every 1.8 cm-1) is a variable within the
eigenvector.
The interpretation of the results of spectral PCA can be viewed as a partial reconstruction
of the original Raman spectra. Spectra can be reconstructed from the principal component (PC)
spectra by multiplying each PC spectra (which are shared among all samples) by the
corresponding PC score (which are unique to each sample), then summing the all the PC
spectra/PC score products. Where a PC score is negative, the inverse of corresponding PC
spectra is contributed to a reconstructed Raman spectrum. Because each PC spectrum explains a
smaller portion of the variation among the biochars than the preceding PC spectrum, the most
significant features of the Raman spectra of these biochars can be explained with relatively few
PC spectra.
The first two PC spectra explain 74% of the variation among the sampled biochars within
the 1800 – 900 cm-1 region following normalization (i.e. this variation does not include differing
absorptivity of the excitation laser or differences in photofluorescence). The first PC spectrum
(PC1, Fig. 3.5A) contributed bands related to defects in the aromatic structures or decreased
aromatic cluster size, including the A1, A2, SL and to a lesser extent S bands. Bands originating
from non-defect vibrational modes in PAHs (D, D’, DS) or which are associated generally with
sp2 C without specifically indicating defects (GL/Gg) had lower intensity in PC1 than defect-
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associated bands, being either near 0 (D and DS) or negative (GL/Gg, D’). The slightly higher
intensity of the DS compared to the D band would also indicate that the PAHs which are present
are smaller. Greater PC1 scores would indicate a higher degree of heteroatom and point defects,
5-membered rings, reduced aromatic cluster size, and may also indicate greater sp3 C
substituents to the aromatic structure.
The opposite trend was observed in PC2 (Fig. 3.5B). The A2 band had negative intensity,
while A1 and SL had near-zero intensities. The D, DS, and S bands are all highly positive, while
the D’ and GL/Gg bands are also positive but of lower intensity. Greater PC2 scores would
indicate decreased A band defects in the aromatic structure, greater aromatic cluster size, and
reduced sp3 C substituents.
In both of these PC spectra the S band was positive, implying the defects underlying the
S band did not follow the simple dichotomy in aromatic structures identified between PC1 and
PC2 (i.e. less and more ordered aromatic structures, respectively). Intensity of the S band in
proportion to the DS and D bands in PC2 is greater than the S band intensity in proportion to the
A1, A2, and SL bands in PC1, but intensity of the S band is expected to increase with either PC1
or PC2 increases. The inference from the qualitative comparison that the S band was more due to
7+ member aromatic rings than to small PAH breathing modes is not clearly confirmed here.
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Figure 3.5: Principal component spectra 1 (A) and 2 (B).
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3.4.2.2.2 Variation and Commonality among Temperature Groups
When the PC1 and PC2 scores are plotted against one another (Fig. 3.6, Table 3.3),
biochars are predominantly grouped by the temperature of pyrolysis. Most 550 ⁰C biochars had a
PC1:PC2 ratio greater than 0, with PC1 and PC2 scores either being both negative or both
positive, but also three biochars which were distinct from the circled main group. Both 700 ⁰C
and 400-450 ⁰C biochars had a PC1:PC2 ratios that varies from near -1 to near 0. However, the
700 ⁰C biochars had a PC1 score which varied from highly negative to near 0 and a high positive
PC2 score, while the 400-450 ⁰C biochars had a PC1 score which varies from highly positive to
near 0 and a highly negative PC2 score.
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Figure 3.6: Scores of first two principal components (PC1 and PC2) for individual biochars.
Outliers are identified individually by ID number (Table 2).

This grouping by PC1 and PC2 scores confirm increased pyrolysis temperature is
demonstrated to increase the aromatic cluster size and decrease the number of A band defects in
the aromatic structures of biochars. The highly positive PC2 scores of the 700 ⁰C biochars
indicated minimized A band defects, and this was reinforced where PC1 scores are negative.
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Additionally, the combination of positive PC2 and negative PC1 values would shift the center
position of the D band to lower cm-1 and reduce the DS, demonstrating increased aromatic cluster
size. The two 700 ⁰C biochars with near zero (but positive) PC1 scores had higher intensity A
bands than the other 700 ⁰C biochars, and thus more A band defects and a smaller aromatic
cluster size.
By contrast, the 400-450 ⁰C biochars had negative PC2 scores, indicating increased A
bands defects and decreased aromatic cluster size, and this was reinforced where PC1 scores are
positive. There was ambiguity in interpreting degree of aromatic ordering among the biochars of
the 400-450 ⁰C group. One 400-450 ⁰C biochar had a negative PC1 value and would be expected
to have fewer A band defects than other 400-450 ⁰C biochars. This biochar also had a PC2 score
lower than other 400-450 ⁰C biochars, which would offset some of the reduction in the A band
intensities. Similarly, the outlier #19 has a positive PC2 score and therefore decreased A band
defects and increased PAH band contributions, but #19 also has the highest PC1 score of the
400-450 ⁰C which would increase A band defects and reduce the intensity of the D, DS, D’, and
GG/GL bands.
While in the 700⁰C and 400-450 ⁰C temperature groups, the PC1 and PC2 scores largely
reinforced one another (i.e. the high A band intensity of positive PC1 is reinforced by high A
band intensity in the negative PC2, and vice-versa), the 550 ⁰C biochars had counter-balancing
PC1 and PC2 scores. Where PC1 was positive, contributions from a positive PC2 reduced the
intensity of the A bands proportional to the D, DS, D’, and GG/GL bands. Where PC1 was
negative, negative PC2 bands would reduce D, DS, D’, and GG/GL band intensity relative to the A
bands. Additionally, due to differences in the A1:A2 and D:DS intensity ratios between PC1 and
PC2, the prominence of the A1 and DS shoulders on the D peak was greater than in either the 700
⁰C or 400-450 ⁰C biochars. Based on the PC1 and PC2 scores, the majority of 550 ⁰C biochars
had reduced out-of-plane bending defects relative to the 400-450 ⁰C biochars but had a greater
number of 5-membered rings and reduced aromatic cluster size compared to the 700 ⁰C biochars.
This again confirms the reduced stability of the A2 band defects relative to the A1 band defects
during pyrolysis.
The #11 biochar had greater aromatic ordering that the 550 ⁰C main group biochars, as
demonstrated by its highly negative PC1 score and a small positive PC2 score. Conversely, the
#9 biochar had greater A band defects and decreased aromatic cluster size relative to the 550 ⁰C
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main group biochars. The #8 biochar also had greater defects than the 550 ⁰C main group
biochars, specifically the A1 and A2 associated bands, as demonstrated by the highly negative
PC2 score (but PC1 score similar to other main group biochars).
3.4.2.2.3 PCDiff and Compositional Variation
The difference between PC1 and PC2 (PCdiff) was used as a single metric which
disambiguated the 400-450⁰C and 700 ⁰C temperature groups (unlike the PC1:PC2 score ratio)
and reduced ambiguity in interpreting the PC1:PC2 score ratio within each temperature group
(Table 3.3). In this metric a highly negative score indicated a Raman spectrum whose character
is dominated by PC2 or negative PC1 values, i.e. aromatic structures composed of greater
aromatic cluster size and decreased A bands defects. This is demonstrated in simulated spectra
(Fig. 3.7A) A highly positive PCdiff indicated the opposite; i.e. maximized indicators of defects
and a lower degree of aromatic cluster size. Negative and positive PCdiff near 0 indicated
biochars in which the A2 band has considerably decreased relative to the highly positive PCdiff
spectra, but the A1 and DS bands were more apparent and distinct as shoulders when compared
with spectra that have a highly negative PCdiff.
The simulated spectra in Fig. 3.7A does clarify the temperature-dependent status of the S
band, which was an increasingly prominent shoulder as the PCdiff became more negative. This
confirmed that S band intensity increases alongside markers of increased aromatic cluster size
and reduced aromatic defects.
The 700⁰C biochars had PCdiff values from -13 to -30. The PCdiff of the 550⁰C biochars
varied from -27 to 26. However, the #11 and #9 outliers identified in Fig. 3.5 have PCdiff values
of -27 and 26 respectively, and if these extremes are excluded the PCdiff range of the 550⁰C
biochars is reduced to -16 to 8. From the perspective of PCdiff the #8 biochar is not an outlier to
the main body 550 ⁰C biochars, having a PCdiff of 0.18. Finally, among the 400 – 450 ⁰C
biochars, PCdiff varied from 17 to 35. The #19 biochar is not identified as an outlier to the other
400-450 ⁰C biochars, having a PCdiff of 23.
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The dominant effect of temperature in controlling the degree of pyrolysis was
reconfirmed when using PCdiff, but greater overlap between temperature groups was also
revealed. Biochar #11 falls within the PCdiff range of the 700 ⁰C biochars, while three more 550
⁰C biochars have PCdiff values below -10. Likewise, the #9 biochar is better grouped with the
400-450 ⁰C biochars than the 550 ⁰C biochars. Differences in the effect of temperature on
different feedstocks in the degree of Raman-identified aromatic ordering has been identified in
the pyrolysis individual biomolecules (Smith et al., 2017). Though pyrolytic thermosequences of
the feedstocks used in this study were not available, the wide range of aromatic ordering
identified in the 550 ⁰C and the overlap in PCdiff between 700 ⁰C and 550 ⁰C biochars confirmed
the considerable control feedstock has on the degree of aromatic order in the aromatic structures
of biochars, though it is beyond this study to delineate what feedstock characteristics controlled
the degree of aromatic ordering within the temperature groups.
Compositional variation is defined here to mean differences in the relative contributions
of PC1 and PC2 to a PCDiff value, for example two biochars with PCDiff= -20 may have different
compositions of PC1 at -15 and -5 with corresponding PC2 values of -5 and -15. Compositional
variation affects both ID/IG and DiffVD of reconstructed spectra, and magnitude of the effect on
DiffVD is different for different PCDiff (Fig. 3.7B) but this is not true for the ID/IG of the simulated
spectra. Among the PCDiff =-30 spectra, as the magnitude of the PC2 score increases relative to
the PC1 score, the DiffVD increases from 0.45 to 0.55, while among the PCDiff =30 spectra
increasing magnitude of PC2 decreases the DiffVD from 0.19 to 0.16. Among the simulated
spectra with PCDiff =0, as the PC scores moved from negative (i.e. -15 for both PC1 and PC2) to
positive (15 for both PC1 and PC2 scores) the DiffVD increase from 0.29 to 0.36. Over the same
range of compositional variation, the ID/IG varies between 0.74 – 0.91, 0.80 – 0.99, and 0.87 –
1.06 for the PCDiff =30, 0, and -30 spectra respectively. While the range of DiffVD in the PCDiff =30 is triple that of the PCDiff =30 spectra, the range of ID/IG is only 18% higher between those two
simulated spectra groups.
Compositional variation can affect DiffVD but is important to note that among simulated
spectra the effect of PCDiff is greater than compositional variation; within the range of values
observed in this study PCDiff =30 spectra will never have DiffVD values approaching that of the
PCDiff =-30 or =0. Likewise, among the observed biochars those with highly negative or highly
positive PCDiff (700 ºC and 400-450 ºC, respectively) are never predominantly determined by the

86
PC1 score. PC2 scores are always negative (for highly positive PCDiff) or positive (for highly
negative PCDiff), while PC1 scores vary between 0 and highly positive or between 0 and highly
negative (respectively). For this reason, it is unlikely that the range off the ID/IG of the 700 ºC
and 400-450 ºC biochars will overlap.
In short, despite the effect of compositional variation on the structure of reconstructed
spectra, the biochars with highly negative PCDiff will have greater ID/IG and greater DiffVD than
the biochars with highly positive PCDiff. Simulated spectra or biochars spectra with PCDiff
somewhere in the middle is of these two extremes will likewise have ID/IG and DiffVD between
these extremes.
3.4.2.3 Correlations and Common Trends identified in Varying Methods of Quantifying
Raman Spectra
The ID/IG and DiffVD metrics from direct measure on Raman spectra are not correlated
(r=0.288, p=0.205). Similarly, the area ratios from peak fitting, A/G and D/G, are not correlated
(r=0.077, p=0.739). However, DiffVD and the peak fit area ratio A/G are correlated (r=0.799,
p<0.0001) and ID/IG is correlated with D/G (r=0.544, p=0.011) and A/G (r=0.466, p=0.033).
Neither method of quantifying the Raman spectra of biochar shows correlation between the
proportion of sp2 C present as six C aromatic rings and the intensity of aromatic defects/sp3 C
substituent bands. However, both methods demonstrate similar trends temperature dependent
trends in the transformation of the Raman spectra; e.g. where one method detects decreases in
amorphous defect band intensity so does the other (and similarly with the proportion of sp2 C
present as six C aromatic rings).
The A/G fitted peak area ratio and DiffVD measures are moderately to well correlated
with PCDiff with r=-0.78 and -0.91 respectively (both with p<0.0001). The #11 and #9 outliers
identified in earlier sections were grouped as expected from PCDiff, i.e. the #11 biochar as a
PCDiff score closer to those of the 700 ºC biochars, and the #9 biochar has a PCDiff score closer to
the 400-450 ºC biochars. Likewise, in the more highly correlated DiffVD, the #9 and #11 biochars
are grouped with the temperature groups indicated by their PCDiff score. Despite relying on
fundamentally different methods of quantification, each method of measuring Raman-identified
induced ordering is in basic agreement with regards to the ordering in each sample. These
correlations also provide the opportunity to reiterate the difference among these metrics: in PCDiff

87
a more negative number is indicative of a greater degree of aromatic order while in A/G and
DiffVD, a higher positive number is indicative of a greater
degree of aromatic order.
3.4.3 Correlations among Measures of Aromatic Order and Aromatic Condensation
In a manner similar to aromatic order, temperature and feedstock have been observed to
have considerable influence over the degree of aromatic condensation (McBeath and Smernik,
2009). Aromatic condensation, as determined by the NMR Δδ 13C shift (McBeath et al., 2011;
Singh et al., 2017), increased between each temperature group and demonstrated moderate
correlation (r=0.79, p=0.0004) with PCDiff (Table 3.4, Fig. 3.8A). The A/G ratio had a similar
strength of correlation with Δδ 13C shift (r=-0.77, p<0.0001) while the DiffVD demonstrated
higher correlation (r=-0.91, p<0.0001).
Table 3.4: Pearson correlation (r) between measures of aromatic
ordering in biochar Raman spectra and measures of aromatic
condensation†
PCDiff
DiffVD
A/G
13
Δδ C
0.79
-0.91
-0.77
shift
(<0.0001)
(<0.0001)
(<0.0001)
-0.70
0.74
0.9
B6CA
(0.0005)
(0.0001)
(<0.0001)
0.89
-0.89
-0.81
H/C
(<0.0001)
(<0.0001)
(<0.0001)
0.47
-0.53
-0.15
O/C
(0.05)
(0.02)
(0.55)
† The p-value for the Pearson correlation coefficient (r) is presented in parenthesis
immediately below the respective r value

However, increases were greater between the 550 ⁰C and 700 ⁰C biochars than between
400-450 ⁰C and 550 ⁰C biochars (Fig. 3.8A). If considering a Spearman correlation between
PCDiff and the Δδ 13C shift, which is not restricted to linear correlations, the correlation improves
(rs=0.84, p<0.0001). Aromatic ordering and aromatic condensation were not synonymous. There
was little variation in aromatic condensation across the range of PCdiff values in most of the 550
⁰C biochars. Even 550 ⁰C biochars with PCdiff values near or above the less ordered 700 ⁰C
biochars had considerably lower aromatic condensation than the 700 ⁰C biochars. The degree of
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aromatic condensation of the #11 and #9 biochars were similar to the 700 ⁰C and 400-450 ⁰C
biochars respectively, concurrent with their PCdiff values.

Figure 3.8: Comparisons of PCdiff with other metrics of the degree of pyrolysis in biochars:
(A) -Δδ 13C NMR shift, (B) %B6CA, or recovered mellitic acid as a proportion of all BPCA
recovered following acid digestion of biochars, (C) H/C molar ratio, and (D) O/C molar ratio.
Outliers previously identified in Fig. 3.6, plus biochar #18, are indicated by individual ID #s.
Biochar #17 could not be characterized in (A) NMR analysis due to its magnetic properties.
Increases in aromatic condensation in 700 ⁰C as compared to the 550 ⁰C, even where
PCdiff values were similar, was corroborated in BPCA analysis (Fig. 3.8B, Table 3.4) (r=-0.70,
p=0.0004) (Singh et al., 2017). Likewise, the DiffVD had similar correlational strength (r=0.74,
p<0.0001) and the A/G had greater (r=0.90, p<0.0001). Aromatic condensation in the #11
biochar was again more similar to the 700 ⁰C biochars (Fig. 3.8B). Differences in %B6CA were
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not observed between the 400-450 ⁰C and 550 ⁰C biochars, and under Spearman correlation the
correlation with PCDiff is stronger (rs=-0.75, p<0.0001). The %B6CA index is insensitive to
condensation which does not result in the creation of core benzene rings (Hammes et al., 2007);
any increases in aromatic condensation observed between 400-450 ⁰C and 550 ⁰C biochars in the
Δδ 13C shift that did not result in the creation of new core benzene rings would be undetectable.
Both the H and O content decreased with increasing progress of pyrolysis but did not
exhibit the same temperature-dependent pattern (Singh et al., 2017). Specifically, the H/C ratio is
distinctly separated among temperature groups, even between the 700 ⁰C and 550 ⁰C biochars
with similar PCdiff values (though the #11 and #9 550 ⁰C biochars are grouped with the 700 ⁰C and
400-450 ⁰C biochars respectively). Despite this the linear correlation with PCDiff is high (r=0.89,
p<0.0001) and is not greater in the Spearman correlation. Correlations with DiffVD and A/G had
similar strength (r=-0.89 and -0.81 respectively, with p<0.0001 for both). Loss of H does not
appear to be specifically connected to increased aromatic order (or aromatic condensation)
among the 700 ⁰C biochars (Fig. 3.8C).
Conversely, the O/C ratio (Fig. 3.8D) does not show clear distinction among temperature
groups, and instead decreases proportionally to PCdiff (r=0.47, p=0.045) (Table 3.4). The DiffVD
and A/G have a inverse proportional relationship with O/C, with low strength (r=-0.53 and -0.15
respectively, p=0.02 and 0.55 respectively) (Table 3.4). Biochars with similar PCdiff values have
similar O/C ratios, this is true of the #11 and of the 550 ⁰C and 700 ⁰C biochars with overlapping
PCdiff scores. The #18 and #9 biochars diverged from this proportional variation in O/C and
aromatic ordering; the high carbonate content (Singh et al., 2017, detailed in Appendix A) of
these biochars could have inflated the O content without directly influencing the biochar
structure. When #18 and 9 are excluded the linear correlation increases (r=0.80, p=0.0001).
Similarity in PCdiff values for 550 ⁰C and 700 ⁰C biochars with PCdiff values between -10
and -20, despite large differences in aromatic condensation, most likely originated from
increased aromatic condensation without concurrently decreased aromatic defects in the 700⁰C
biochars. Because the PCdiff value is constructed from PC1 and PC2 only, it is limited in its
ability to distinguish increases in aromatic cluster size from decreases in the A band defects in
the aromatic structure in high-temperature biochars. In most biochars, reduced intensity in the A
band defect bands was usually accompanied by an increase in the D band center position and
increases (followed by decreases) in the DS band, and the co-variation in these spectral features
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is maintained in the PC spectra. Biochars which conform to the co-occurrence of this spectral
trend (and the underlying structural changes) can be accurately represented in both aromatic
ordering and aromatic condensation (e.g. #11 and #9). In biochars where the aromatic structures
consist of high average aromatic cluster sizes and a high number of defects, the PCdiff value will
be greater in order to account for the increased intensity in the defect bands (particularly A1 and
A2 bands), effectively shadowing the increase in aromatic cluster size. Large increases in
aromatic condensation have been observed to occur predominantly at high pyrolysis
temperatures (>600 ⁰C) (McBeath and Smernik, 2009; Wiedemeier et al., 2015), thus high
temperature biochars may be more likely to demonstrate large-scale increases in condensation
without commensurate decreases in aromatic structure defects.
Proposed mechanisms of the condensation of lignocellulosic materials into aromatic
structures involve the elimination of O, H, or both (Pastorova et al., 1994; Kawamoto et al.,
2007). Unlike H, O can both be a defect in the aromatic structure and facilitate the formation of
cross-linkages and other defected aromatic structures in reactions where O is part of the leaving
group (Pastorova et al., 1994; Wang et al., 2014; Smith et al., 2016). The proportional increases
in O/C and PCdiff suggest that increased structural oxygen increased defects in aromatic
structures. Pyrolytic reactions can eliminate O and H through gaseous byproducts without
generating aromatic structures (defected or otherwise) (Kan et al., 2016), so decreases in H/C
and O/C cannot be explicitly tied to increases in aromatic condensation or aromatic ordering in a
sample set without detailed characterization of feedstocks and tight control over the pyrolytic
processes.
Though PCDiff does offer a concise measure of the evolution of aromatic order over the
range of biochar spectra observed in this study, the DiffVD and A/G had similar and, in some
cases, stronger correlations with measures of aromatic condensation. The DiffVD was more
strongly correlated with the Δδ 13C shift than either PCDiff or A/G, while A/G was more strongly
correlated with the B6CA metric. We do not believe that these are representative of specific
strengths of any of these methods of quantification, since the NMR Δδ 13C shift and B6CA both
have weaknesses and neither can be considered to be a more correct method of measure of
aromatic condensation. These data show that each method of measuring Raman-identified
aromatic order are correlated with one another and demonstrate a common trend with measures
of aromatic condensation and aromaticity. In other words, regardless of the method of
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quantifying Raman-induced aromatic ordering, aromatic ordering increases alongside aromatic
condensation and aromaticity. The preferred method of quantifying Raman-induced aromatic
ordering is then left to researchers to consider the ease of use and the degree of specificity in the
data offered.
Despite the common trend between aromatic order and condensation, these measures are
related but distinct metrics of the growth of aromatic structures within biochars, as aromatic
order considers both the average number of rings per aromatic cluster and the average number
(and to an extent type) of defects. Further research is necessary to understand the impact of
differing degrees of aromatic order (even when aromatic condensation is similar) on
environmental stability, biological availability, and chemical reactivity.
3.5 Conclusion
The aromatic structures of biochars vary in their degree of order with both the
temperature of pyrolysis but also with feedstock. A definite hierarchy of thermal stability in
certain defects to the aromatic structure was observed. Heteroatom defects and defects causing
out-of-plane defects were the least thermally stable (i.e. the A2 band), while 5 C aromatic rings
and small aromatic clusters were more stable (i.e. the A1 band). However, it is important to
consider possible confounding of these bands with other aromatic vibrational modes displaced
into the A1, A2, and DS band regions as a result of sp3 C substituents to the aromatic structures
within the biochar. Variation within temperature groups demonstrated that different feedstocks
can have widely different degrees of aromatic ordering despite similar pyrolysis conditions and
temperature; this was most obvious among biochars pyrolyzed at 550 ⁰C.
Trends between temperature group averages were observed by direct examination of
spectra, but principal component analysis was used to corroborate temperature dependent trends
among temperature groups and to identify feedstock dependent variation within temperature
groups. Principal component spectra identified how individual bands co-varied within the sample
spectra, identifying a basic dichotomy between defect-associated bands and bands associated
with undefected 6 C aromatic rings or sp2 C functional groups. The first and second PC scores,
when considered in relation to the band covariance in the PC spectra, was able to identify the
relative degree of order within and between temperature groups.
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The difference between PC1 and PC2 also served as a convenient index of aromatic order
in this sample set and provided a basis of comparison with measures of aromatic condensation.
Aromatic order (as indicated by Raman spectroscopy) and aromatic condensation provided
similar but distinct information regarding the aromatic structures within biochars. This is
particularly true for biochars pyrolyzed at higher temperatures, where increases in aromatic
condensation may not be met with concurrent reductions in defects (as is common at lower
temperatures). Elemental analysis confirmed that biochars with high aromatic condensation but
reduced aromatic order had higher O content, a previously identified source of defects in the
aromatic structure. Additional research is needed to identify the significance of the difference
between aromatic condensation and aromatic order, and to relate aromatic ordering to relevant
environmental behaviors of biochars.
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CHAPTER 4. NUTRIENT RETENTION AND RELEASE FROM
BIOCHARS FOLLOWING PH ADJUSTMENT AND IN SUBSEQUENT
SIMULATED RAINWATER LEACHING

4.1 Abstract
In order to inform nutrient management decisions when biochars are co-applied with
liquid fertilizer, the retention and release of macronutrients (NH4+, NO3-, and H2PO4-) from two
commercial biochars (Aemerge and Airex) were evaluated under controlled laboratory
conditions. Biochars were maintained in suspension for three days at an unmodified equilibrium
(pH N) or at pH 4.5. For each biochar, both pH suspensions were split and one half received a
macronutrient loading solution in excess of each biochar’s NH4+-substitution determined CEC.
Samples of 0.6-0.8 g of air-dried treated biochar were subsequently leached with 50 mL of
simulated rainwater per 24hrs for four consecutive days. Leachate samples and the initial pHbalancing/nutrient-addition solution were analyzed for pH, soluble C, NH4+-N, NO3--N, P as well
as Ca, Mg, Mn, Fe, and Al. Little of each added macronutrient (2-20%) was retained by the
biochar. No significant effect on retention was observed from pH treatments, except for P in both
biochars (at p <0.06) where the pH 4.5 treatment retained more than the pH N treatment.
Cumulative release of macronutrients during leaching were not significantly affected by pH,
except NO3--N leaching in Aemerge where the pH N treatment released more of the respective
nutrient (p<0.05). The majority of each macronutrient was released on day 1, regardless of
biochar or pH treatment. Releases of all other elements (and P in non-nutrient added treatments)
from during pH balancing/nutrient addition was inversely proportional to solution pH, except for
release of Al from Aemerge. This was true for both biochars and included the acidifying effect of
pH solution. Releases of these elements during leaching was dependent on releases during pH
balancing/nutrient addition (i.e. greater losses during pH balancing/nutrient addition led to lower
leaching losses). The magnitude of retained but not leached nutrients was enough to possibly
reduce crop fertility if fertilizer rates are not adjusted, but retention may also decrease at more
agronomically relevant fertilizer rates. Precipitation of Ca phosphates and entrainment of
solution in pores are suggested by the data as mechanisms of retention, but other mechanisms
(e.g. ion exchange) cannot be ruled out.
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4.2 Introduction
Biochars are a diverse group of charred materials produced through pyrolysis across a
wide range of temperatures (~400-800⁰C) and pyrolysis times (seconds to hours) which are
intended for use as soil amendments. Recent scientific interest in biochars has focused on its use
to improve the productivity of disturbed landscapes and naturally poor soils. Studies in which
soils were amended with biochar have demonstrated increased accumulation of organic matter
(Zimmerman et al., 2011; Woolf and Lehmann, 2012), increased water and nutrient retention
(Novak et al., 2009; Laird et al., 2010; Herath et al., 2013) and reductions in soil bulk density
(Kelly et al., 2014), though these effects are not guaranteed (Borchard et al., 2014; Kelly et al.,
2014). Much research is being conducted to evaluate the chemical and physical structure of
biochars to improve our understanding of the origins of these beneficial properties so
commercial biochars may be used to improve the productivity of marginal soils around the
world.
Soils which have been heavily disturbed via excavation (e.g. surface mining,
construction, or environmental remediation) share many common properties which negatively
impact ecological restoration and agricultural production. Low organic matter (Fierro et al.,
1999; Chaudhuri et al., 2012), poor water retention and infiltration (Huang et al., 2012), and low
ion exchange capacity (Vega et al., 2004) are common among heavily disturbed soils. High
acidity is also present in many surface mines, especially coal mines (Zeng et al., 2011). These
conditions limit the natural supply of nutrients, depress the retention of fertilizers, and suppress
the microbial community. The mobility and availability of pollutants, particularly heavy metals
(Vega et al., 2004) may also be promoted in these soils. Previous rehabilitation activities focused
on restoring organic matter either through the addition of C-rich organic materials like paper-mill
biosolids (Fierro et al., 1999; Sere et al., 2008) or through fallow field strategies (Pichtel et al.,
1994). Fallow field strategies, when they are successful, work on decades-long time lines
(Skousen et al., 1994) and the addition of C-rich organic materials may increase releases of
soluble organic carbon (SOC) (Price and Voroney, 2007) which can facilitate pollutant transport
(Beesley and Dickinson, 2011). In degraded soils, biochar amendments may immediately bolster
soil fertility by providing nutrient retention capacity (Laird et al., 2010) and water retention
(Herath et al., 2013) and by sorbing SOC and SOC-bound pollutants (Kloss et al., 2014). In
longer time frames, biochar amendments may increase the speed and reliability of other
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reclamation strategies by supporting the accumulation of soil organic matter, (Zimmerman et al.,
2011; Solomon et al., 2012; Gibson, 2017) and stable soil aggregates (Six et al., 2000), provide
increased water retention (Beesley and Dickinson, 2011), buffer pH (Sere et al., 2008) and
support robust and beneficial microbial communities (Lehmann et al., 2011).
As with organic matter, ion exchange sites within biochar are usually variable-charge
(pH-dependent) oxygen functional groups (Uchimiya et al., 2012). In newly created (fresh)
biochars, many of these exchange sites are unpyrolyzed or incompletely pyrolyzed remnants of
the feedstock. As pyrolysis time and temperature increase, a biochar’s ion exchange capacity is
expected to decrease as the biochar becomes increasingly oxygen-depleted and the carbon
becomes increasingly aromatic (Keiluweit et al., 2010b). Increasing aromaticity in turn also
results in increased hydrophobicity. Fresh biochars can be activated using multiple methods
including steam (Uchimiya et al., 2013), concentrated acids or peroxides (Uchimiya et al., 2012),
UV photooxidation (Gibson et al., 2016; Wang et al., 2017) to add oxygen functional groups,
increasing exchange sites and reduce hydrophobicity.
Similar increases in ion exchange capacity and reductions in hydrophobicity are observed
when fresh biochars are added to soils (Mao et al., 2012). Increased temperature and soil
incubation time are correlated with increased phenolic, carboxylic and hydroxyl groups (Cheng
et al., 2006; Mao et al., 2012; Zhao et al., 2015). These result from the microbial oxidation of
charred surfaces and the consumption of remnant labile materials (Cheng et al., 2006; Enders et
al., 2012). Similar but smaller trends of increasing oxidized biochar surfaces have also been
observed when biotic processes have been inhibited (Cheng et al., 2006), which may result either
from sorption of labile C from soil onto biochar surfaces (Cornelissen et al., 2005) or direct
oxidation of biochar surfaces. Naturally-aged biochars may not demonstrate an increase in
surface area or porosity as with steam or chemical activation (Zhao et al., 2015).
Biochars often have high surface area, sometimes greater than 300 m2 g-1 (Mukome et al.,
2013). In the pore networks that provide biochars with high surface area, discontinuous or small
diameter pores may entrain the soil solution and provide additional retention of nutrients and
metals in the soil solution. Biochar activation may increase observed porosity by removing tars
that condensed as the biochar cooled (Hale et al., 2012).
Biochars should generally be applied as a slurry or as a moist solid to reduce windinduced biochar drift during application (Brewer and Brown, 2012). Co-application of biochars
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and liquid fertilizer is a logical method to add biochars and nutrients while minimizing heavy
vehicle traffic. This experiment was designed to investigate possible agronomic implications of
the co-application of biochar and liquid fertilizer, particularly the retention or fixation of
fertilizer by the biochar. Additionally, the timing and quantity of release of the captured
nutrients, supply of essential or toxic elements other than those supplied in the fertilizer, and the
release of water soluble C were investigated.
4.3 Materials and Methods
4.3.1 Biochar Characterization
Two commercial biochars, Airex (Airex Energiec., Airex Industries Inc., Laval,
Quebec) and Aemerge (Aemerge LLC, Indianapolis, IN) were chosen to contrast the sorptive
behavior of highly pyrolyzed (Aemerge) and partially pyrolyzed (Airex) biochars. Airex was
produced from softwood sawdust at 425°C with fast pyrolysis and cooling of the char by
water atomization. Aemerge was produced from a mixture of chipped hard and soft waste
woods at 600-800°C under fast pyrolysis and under vacuum. Characterization of biochars was
conducted using diffuse-reflectance Fourier-transform infrared spectroscopy (DR-FTIR),
proximate analysis (ASTM D1762-84), N2-BET determination of surface area, X-ray
diffraction, NH4+-substitution determination of cation-exchange capacity (CEC), and
microwave digestion with aqua regia (3 HCl/HNO3 v/v) followed by ICP-AES and ICP-MS
for determination of minor and trace elements. Except for CEC determination, the methods
for these characterizations are detailed in the report “Potential of biochar for reclaiming minetailings: Summary of the basic properties of thirteen biochars” (Beauchemin et al., 2014).
Aemerge is not included in this report, but the characterization methods are identical. Cation
exchange capacity analysis was conducted by A&L Great Lakes Laboratories, Inc. (Fort
Wayne, IN) using the NH4+-substitution method (Sumner and Miller, 1996). In brief, biochar
exchange sites are saturated with NH4+ using a pH 7-buffered acetate solution then rinsed with
ethanol to remove non-sorbed NH4+. A 1 M KCl solution is then used to substitute NH4+ with
K+ at all exchange sites and the collected NH4+ is quantified. Biochars were sieved to particle
size distributions >0.841 mm (retained on 20 mesh sieve), between 0.841 and 0.25 mm (60
mesh), and <0.25 mm, and CEC measurements performed separately on these distributions.
Airex was did not have particle sizes >0.841 mm.
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4.3.2 Sample Preparation, pH Balancing, and Nutrient Addition
The pH balancing and nutrient addition process is diagrammed in Fig. 4.1. From each
biochar, 25 g of bulk sample was ground to <150µm particle size in a vial-rotator using
hexagonal tumbling steel bars. From each biochar, two separate suspensions were created with
10 g of ground samples in deionized water at a rate of about 10 g per 700 ml (between 13.5 14.6 mg-biochar ml-1). These were maintained in continuous suspension for three days using
magnetic stir plates and stir bars. From each biochar, one suspension was allowed to equilibrate
without intervention to a natural pH (denoted hereafter as pH N), while the other suspension was
adjusted to pH 4.5 with dilute HCl. Concentrated HCl was initially diluted 1:1 with deionized
water and added by drops with a disposable transfer pipette while the suspension pH was
continuously monitored with a digital pH probe. As biochar acid neutralization capacity was
reduced, HCl concentration was reduced by sequential 1:1 dilutions with DI water. These pH
adjustments occurred roughly every two hours between 8am and 5pm every day and suspension
pH was not adjusted if the suspension pH had not increased by more than 0.1 pH since the
previous adjustment.
Following pH balancing, each biochar suspension was divided in half, and one split from
each biochar/pH treatment combination received an unbuffered nutrient solution of KNO3 and
NH4(H2PO4). Airex and Aemerge were expected to have different capacities to retain nutrients,
so each biochar received different concentrations though both biochars received nutrients in
excess of their anticipated maximum retention. The targeted concentrations were 325 and 650
mmol kg-1 of each nutrient for Aemerge and Airex, respectively. Actual concentrations for
Aemerge were 347 mmol NH4(H2PO4) kg-1 biochar and 350 mmol KNO3 kg-1 biochar. The
nutrient solution for Airex was unbalanced, supplying 644 mmol NH4(H2PO4) kg-1 biochar and
948 mmol KNO3 kg-1 biochar. Following nutrient addition, all suspensions were maintained for
an additional 24hrs without additional pH correction.

Figure 4.1: Diagram of biochar pH/balancing and nutrient sorption process
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Following this 24hr contact time, the biochar suspensions were dewatered by centrifuging
at 25889g for 60min., then vacuum filtering through a 0.22μm polycarbonate filter before drying
at ambient humidity for three days. Filtered supernatant was collected for the determination of
dissolved nutrient, carbon, and metal concentrations. Final moisture content of biochar was 4.55.2% for Aemerge treatments and 6.0-10% for Airex treatments. In preparation of the leaching
experiment, treatments were homogenized and loaded into small syringes (1 cm x 5 cm) between
frits until the syringe was entirely full but without compacting or pressing the biochar. The
density varied between the biochars, so full-syringe samples weighed with 0.65±0.02g (wet wt.)
of Airex or 0.85±0.01g (wet wt.) of Aemerge, (0.60±0.02g and 0.81±0.01 dry weight
respectively). Loaded syringes were fitted between two 60ml syringes on a SampleTek 24VE
programmable vacuum extractor. While loading the leaching-column syringe, two additional
subsamples of each treatment from each biochar were removed for lyophilized moisture analysis.
4.3.3 Leaching Procedure
Simulated rainwater leaching was conducted for four consecutive days on triplicate
samples from each treatment combination. Fifty milliliters of simulated rainwater (Table 4.1)
were leached through the columns every 22hrs, followed by 2hrs of air draw to collect entrained
leachate. At 24hrs, the leachate was vacuum filtered through a 0.22μm polycarbonate filter and
partitioned for analysis while fresh solution was loaded and leaching restarted. The sample
partition for ICP-AES analysis received 2 drops of concentrated HNO3. A digital pH probe was
used to measure leachate pH in the N analysis partition. All samples were frozen until analysis.
Table 4.1: Characteristics of
simulated rainwater
Element
mg/L
Ca
0.027
Cl
0.045
K
0.023
Mg
0.25
+
NH4 -N
0.357
NO3 -N
0.443
S
0.891
Final pH
5.04
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4.3.4 Analysis of Dewatering Solution and Leachate
Total carbon and inorganic carbon were evaluated using an Apollo 9000 TOC Analyzer
(Teledyne Industries, Mason OH), with water soluble organic carbon (WSOC) obtained by
subtraction. Dissolved metals and P were quantified with a Varian Vista RL ICP-AES (Agilent
Technologies, Inc. Santa Clara CA) after acidification with concentrated HNO3. The sub-sample
for N analysis was analyzed commercially by A&L Great Lakes Laboratories, Inc. (Fort Wayne,
IN) using colorimetric USEPA Methods 350.1 and 353.2 for NH4+-N and NO3--N, respectively
(EPA, 1993a; b).
Values for retention of nutrients were computed as the difference between known initial
concentrations (i.e. biochar suspensions during pH addition/nutrient addition following addition
of nutrients or empty leaching columns leached with the simulated rainwater) and observed
concentrations in each sample. Cumulative leached values for each element were calculated as
the sum of the blank-corrected daily leaching values. “Retention” and “retained nutrients” are
used in this report to refer to nutrients removed from solution by any mechanism including ion
exchange, chemisorption, precipitation within the biochar pores, and precipitation within the
bulk solution.
Due to suspected contamination, K+ data is not described in this report, and is instead
discussed in Appendix B. Because there is no concurrent excess of NO3--N at any experimental
stage, this was not believed to be due to excess supply of nutrients during nutrient loading.
4.3.5 Statistical Analyses
A full-factorial split-block with repeated measures was used as the initial statistical
design of this experiment. Triplicates were prepared for each of the four treatments (nutrientadded pH 4.5, nutrient-added pH N, non-nutrient-added pH 4.5, and non-nutrient-added pH N)
for both biochars for a total of 24 samples per day. Samples were blocked by repetition with
placement on the vacuum extractor and randomized within block. Two blanks (leaching
column/syringes with frits but no biochar) were also prepared, drawn by hand prior to sample
collection on a given day as the vacuum extractor could accommodate a total of 24 samples at a
time.

108
All data gathered from analyses performed on the filtered supernatant collected following
pH balancing/nutrient-addition phase was analyzed via pair-wise Student’s t-tests. This includes
all calculated retention.
All data from the leaching phase were analyzed using ANOVA and comparative LS
Means separation tests. The Satterthwaite’s approximation for degrees of freedom was used for
all ANOVA. Box-Cox regression was used to determine the necessity of transformation (Box et
al., 1978), and Al, Fe, K, Mn, and P were analyzed after log transformations when ANOVA
analyses were used. In instances where data was highly unbalanced, analysis using the full
factorial split-block model was not possible, and data were evaluated either as a randomized
complete block within a day or as a split-block across four days with two or three treatment
combinations, whichever was appropriate. The former case was used where no or few samples
across all treatment combinations had detectable nutrient/metal concentrations in days after day
1. The latter was used when a specific treatment combination had too few detectable
concentrations across days, but other treatment combinations had testable data. In both instances,
if too few samples had detectable concentrations, the standard deviation was 0, invalidating
statistical comparison. SAS v. 9.4 (SAS Institute, Cary NC) was used in all statistical analyses.
Statistical significance was assigned when statistical tests (either t-tests or LS means separation
with ANOVA) reported a p-value of 0.05 or less. When relevant, means differences with higher
p values (though below p = 0.1) may be discussed, and the p value will be specified.
4.4 Results
4.4.1 Characterization of Biochars
Proximate analyses showed pyrolysis to be more complete in Aemerge (Table 4.2). Airex
had higher volatile matter (i.e. pyrolyzable) and lower fixed matter (i.e. all non-volatile, non-ash
material) than Aemerge. Airex had greater H and O contents (as a percent of total mass) and
greater H:C and O:C molar ratios than Aemerge.
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Table 4.2: Selected characteristics of biochar samples
Airex Aemerge
Volatile
26.1
10.2
Proximate
Fixed
67.2
86.2
Analysis (%)†
Ash
1.3
2.2
N2-BET Surface
Area (m2 g-1)
11.6
141
>0.841mm
‡
61
-1
CEC (cmolc kg ) 0.841-0.25mm
140
53
<0.25mm
46
23
C
81.5
90.9
H
3.2
2.6
Elemental
Composition (%) N
0.2
1.0
O
13.8
3.4
0.46
0.35
Elemental Ratios H:C
(mol/mol)
O:C
0.13
0.03
Nutrient added pH 4.5
4.55
4.51
Final pH from
5.77
6.66
pH-balancing and Nutrient added pH N
nutrient addition
Non-nutrient added pH 4.5
4.47
4.51
phase
Non-nutrient added pH N
7.31
7.89
† ASTM Method D1762-84
‡ Airex was not supplied in particle sizes >0.841mm
The X-ray diffraction spectra (Fig. 4.2) also demonstrated an increased degree of
pyrolysis in Aemerge when compared to Airex. Crystalline cellulose (most apparent at 15 ⁰2θ) is
greater in Airex than Aemerge, while turbostratic C (near 43 ⁰2θ) is greater in Aemerge. (The
XRD data for Airex was previously published in Clemente et al., 2017). Relative to Airex, the
greater aromatic C, lesser aliphatic C, and lesser oxygen functional groups in Aemerge are
implied by Aemerge’s decreased O:C ratios, decreased cellulose content and pyrolyzable
material. These implied structural differences were demonstrated directly in the FTIR spectra,
(Fig. 4.3).
Indicators of aliphatic carbon (ν(C-H)aliph peaks between 3000 and 2800 cm-1) and
oxygen containing moieties (ν(O-H) and ν(C=O)carboxyl at 3500 and 1696 cm-1 respectively) were
both more apparent and distinct in the Airex than in the Aemerge, while indicators of aromatic
carbon (ν(C-H)arom and ν(C=C)arom at 3050 cm-1 and 1600 cm-1 respectively) were more apparent
in the Aemerge than in the Airex.
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Figure 4.2: X-ray diffraction spectra of Airex and Aemerge. Major
crystalline species, including crystalline carbon species, are identified.

Figure 4.3: Diffuse Reflectance FTIR spectra of Airex and Aemerge. Spectra are
maintained on the same y-scale, but baseline shifted for ease of comparison.
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The loss of aliphatic C, volatile material, and oxygen containing functional groups is
expected as the degree of pyrolysis increases (Keiluweit et al., 2010a), and these structural
changes were expected to decrease the observed CEC in Aemerge relative to Airex. Aemerge’s
NH4+ extraction determined CEC was 53 cmolc kg-1 (Table 4.2), compared with Airex at 140.11
cmolc kg-1 when particles were between 0.841mm and 0.25mm. The observed CEC dropped to
22.96 and 45.78 cmolc kg-1, respectively, when particle sizes were <0.25mm, and when Aemerge
particle sizes were maintained at >0.841mm, its CEC was increased to 61 cmolc kg-1.
The reduction in CEC concurrently with decrease in particle size suggest entrainment in
pores may be an important contributor to cation retention in these chars, despite the NH4+
extraction method for CEC determination specifically involving rinsing to clear pores of
entrained NH4+. Aemerge had far greater N2 BET surface area (141 m2 g-1 compared with
Airex’s 11.6 m2 g-1), yet Aemerge’s greater overall surface area did not convey greater CEC. The
relationship between CEC and surface area must be more complex than a simple correlation,
including the distribution and nature of functional groups on pore surfaces. Additional factors
may include type and size of pores (i.e. continuous or discontinuous, macro vs. micro pores), the
proportion of hydrophobic and hydrophilic pore surfaces, and the release of soluble C which,
when trapped in pores, may provide additional CEC.
The pH of the pH balancing/nutrient addition solution and biochar suspensions
immediately prior to dewatering is also presented in Table 4.1. Among pH 4.5 treatments, the
final pH was close to the targeted pH, and the pH of the nutrient added treatments solution was
not affected by the nutrient-addition solution (Table 4.1). Among pH N treatments, the nutrient
addition decreased the pH by more than 1 pH unit compared to the non-nutrient added
treatments, demonstrating the acidifying effect of the nutrient-addition solution.
4.4.2 Daily Changes in Leachate pH
Airex never demonstrated significant differences in pH among days within treatment a
given treatment (Fig 4A). On days 1, 2, and 4, the nutrient added pH 4.5 treatment was generally
lower than other treatments, which were not significantly different from one another.
Qualitatively, the leachate pH of both non-nutrient added treatments and of the nutrient added
pH N treatment decrease between days 1 and 4, though there is an increase from day 3 to day 4.
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The nutrient added pH 4.5 treatment qualitatively increases from day 1 to 3, then decreases on
day 4 to near day 1 levels. All treatments remained above the rainwater pH of 5.0.
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Figure 4.4: Daily pH of leachate collected following simulated rainwater leaching
for (A) Airex and (B) Aemerge. For a given biochar, different lowercase letters
indicate statistically significant differences (p<0.05) between treatments and within
a day. Different uppercase letters indicate significant differences among days and
within a given treatment. Letters have been omitted where significant differences
did not exist. The Airex non-nutrient added pH 4.5 treatment could not be tested as
n=1. For Airex, n=2 for the following treatments: non-nutrient added pH N (days 2
and 4) and non-nutrient pH 4.5 (days 2, 3, and 4). For Aemerge, the nutrient-added
pH 4.5 treatments had n=2. All other means were n=3.
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Among Aemerge treatments, the pH of leachate was predominantly determined by initial
pH treatment (Fig. 4.4B). Both pH N treatments had a significantly higher leachate pH than both
pH 4.5 treatments on all days. Non-nutrient added pH N was also significantly higher than
nutrient added pH N on days 1, 2 and 3. Non-nutrient added pH 4.5 had a significantly higher
leachate pH than the nutrient added pH 4.5 treatments on day 1, but these two treatments were
not significantly different from one another one other days. The pH N treatments leachate pH
decreased significantly between day 1 and 4, though non-nutrient added pH N increased (nonsignificantly) from day 1 to 2. Both pH N treatments had a leachate pH of 6.50-6.75 on day 4.
Both pH 4.5 treatments had significant decreases in leachate pH between days 1 and 2 and
slowly increased through day 4, though this increase was only significant in the nutrient-added
pH 4.5 treatment. Both pH 4.5 treatments were slightly above the rainwater pH of 5.0 on day 4,
at 5.23 and 5.42 for nutrient-added and non-nutrient added treatments respectively.
4.4.3 Retention and Release of Macronutrients by Non-nutrient Added Treatments during
pH Balancing/Nutrient Addition and during Subsequent Simulated Rainwater Leaching
4.4.3.1 Macronutrient Retention and Release during pH Balancing/Nutrient Addition
No non-nutrient added treatments showed detectable release of NH4+-N or NO3--N during
pH-balancing of the nutrient suspension (data not shown). In Airex, the non-nutrient added pH
4.5 treatment released significantly more P than the non-nutrient added pH N treatment, but in
Aemerge the differences were non-significant (Table 4.3).

Table 4.3: Total trace element concentrations in biochars, trace element release during pH balancing/nutrient addition, and cumulatively released during
simulated rainwater leaching.
Biochar

Treatment

Al *
Ca
Fe
P **
Mg
Mn
--------------------------------- mg kg-1 biochar --------------------------------Airex
38.5
2820
795
87
262.5
201
Total content of
biochars‡
Aemerge
246.5
2655
446
<150
269
518
Nutrient added pH 4.5
2.1
a
994
a
9.7
a -2052
a
59
a
34
Nutrient added pH 5.77 (pH N)
0.7
c
855
c
1.2
c
-922
a
53
b
25
Airex
Non-nutrient added pH 4.5
2.3
a
882
b
8.9
b
39
b
54
b
30
Release during
Non-nutrient added pH 7.31 (pH N)
0.8
b
428
d
0.4
d
26
c
29
c
5
pH balancing
Nutrient
added
pH
4.5
7.5
b
1272
b
0.4
b
-1067
a
92
a
21
/nutrient addition
Nutrient added pH 6.66 (pH N)
0.00 d
812
c
0.2
bc -1020
a
44
b
13
Aemerge
Non-nutrient added pH 4.5
3.9
c 1272
a
0.9
a
17
b
91
a
20
Non-nutrient added pH 7.89 (pH N) 31.3
a
583
d
0.1
c
18
b
35
c
6
Nutrient added pH 4.5
-3.0
151
c
1.0
a
709
a
-14
b
16
Nutrient added pH 5.77 (pH N)
-0.7
133
c
5.7
a
875
a
-31
a
7
Airex
Cumulative
Non-nutrient added pH 4.5†
-2.4
237
b
1.9
a
5
b
-12
b
14
releases during
Non-nutrient added pH 7.31 (pH N)
-2.7
310
a
1.0
a
7
b
-21
b
9
simulated
Nutrient added pH 4.5
-1.0
c
81
c
0.3
bc
259
a
11
c
11
rainwater
Nutrient added pH 6.66 (pH N)
1.9
b
555
b
1.1
bc
270
a
31
a
12
leaching***
Aemerge
Non-nutrient added pH 4.5
-1.7
d
84
c
-0.2
c
4
c
9
c
6
Non-nutrient added pH 7.89 (pH N) 11.6
a
677
a
1.3
ab
11
b
25
b
17
†For a given biochar and experimental stage, different letters indicate significant differences among treatments (p<0.05). N=3 for all means, except for
Airex non-nutrient added pH 4.5 cumulative leaching means for all treatments, where N=2.
‡ As determined following aqua-regia digestion and quantified using ICP-MS
* Too many rainwater leaching samples from Airex treatments were below the detection limit, invalidating statistical comparison
** Negative release of P by nutrient-added treatments reflects net retention relative to the concentration following addition of the nutrient solution
*** Negative values in rainwater leaching samples indicates analyzed samples had observed concentration lower than that of the simulated rainwater
blanks

a
c
b
d
a
c
b
d
a
b
ab
ab
a
a
a
a
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4.4.3.2 Release and Retention of Macronutrients during Simulated Rainwater Leaching
Cumulative releases of P were significantly less in non-nutrient added treatments when
compared to nutrient added treatments, in both biochars (Table 4.3). Additionally, the cumulative
release of P from the non-nutrient added pH N treatment were significantly greater than the nonnutrient added pH 4.5 treatment in Aemerge, in Airex this difference was non-significant.
During simulated rainwater leaching, the non-nutrient added pH 4.5 treatment of both
biochars released NH4+-N (10.80 and 8.23 mg-NH4+-N kg-1-biochar from Airex and Aemerge
respectively) on Day 1 (Fig. 4.5A), though releases were not detectable on other days. All nonnutrient added treatments from both biochars show cumulative retention of NO3--N, which was a
constituent of the simulated rainwater (Table 4.1). All Airex treatment combinations were
exposed to 36.9 mg-NO3--N kg-1 biochar per day or 147.7 mg-NO3--N kg-1 biochar in total from
the simulated rainwater. Aemerge treatments were exposed to 27.4 mg-NO3--N kg-1 per day and
or a total of 109.4 mg- NO3--N kg-biochar over the course of the simulated rainwater leaching.
(Both biochars received the same mg NO3--N L-1; differences in the mg NO3--N kg-1 rate is due
to different sample weights.) Cumulatively, Airex treatments retained 0.00-13.8 mg- NO3--N kgbiochar (0.0 – 9.4% of rainwater NO3--N), and Aemerge retained 71.4-80.1 mg NO3--N kgbiochar (65.6 – 73.2% of rainwater NO3--N). The Airex non-nutrient-added pH 4.5 treatment did
show a mean release of 5.42 mg- NO3--N kg-1-biochar on Day 1, though this was not
significantly different from the subsequent days on which retention was observed.
Releases or retention of NO3--N did not significantly differ from day to day (Fig. 4.5B),
except in the Aemerge pH 4.5 treatment, where retention on day 1 was significantly lower than
day 3. However, the difference between day 1 and day 2 was roughly half in non-nutrient-added
treatments when compared to nutrient added treatments. Release of P in both biochars decreased
steadily from day 1 to day 4 (Fig. 4.6A), except in the Aemerge pH 4.5 treatment where P was
not detected in the leachate on day 2.
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Figure 4.5: Daily releases of (A) NH4 -N, (B) NO3-N during simulated rainwater leaching of
two biochars. Different letters indicate statistically significant differences (p<0.05) between
days within a treatment and for a given biochar. Statistical analysis was not possible on NH4N daily releases as too many samples were BDL (<0.01 mg L-1). For all other means, n=3
except for the Airex non-nutrient added pH 4.5 treatment, where n=2 after day 1. Negative
values of NO3-N indicate the leaching solution contained less NO3-N than the simulated
rainwater blanks. For NO3-N, the Airex non-nutrient added pH 4.5 treatment could not be
tested as n=1. Additionally, in NO3-N Airex, n=2 for the following treatments: non-nutrient
added pH N (days 2 and 4) and non-nutrient pH 4.5 (days 2, 3, and 4).
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4.4.4 Retention and Release of Macronutrients by Nutrient Added Treatments during pHBalancing/Nutrient Addition and Subsequent Rainwater Leaching
4.4.4.1 Retention and Release of Macronutrients during pH Balancing/Nutrient addition
For both biochars, pH treatment had no statistically significant (p≤0.05) effect on the
retention of added macronutrients during pH balancing/nutrient addition (Table 4.4), likely
because variance was large among replicates. Qualitatively, for each macronutrient the Airex pH
4.5 treatments tended to retain a greater proportion of the added nutrients than the Airex pH N
treatment, and differences in P retention were significant at p≤0.06. Retention of NH4+-N in
Aemerge tended to be greater in pH 4.5 treatments when compared with the pH N treatment. The
opposite qualitative trend was observed for NO3--N retention by Aemerge, where retention
tended to be greater in the pH N treatment when compared with the pH 4.5 treatment. Retention
of P by Aemerge nutrient added treatments was significantly greater (p≤0.06) in the pH 4.5
treatment when compared with the pH N treatment, despite qualitatively close values.
Qualitatively, Airex retained larger percentage of the supplied nutrients when comparing similar
pH treatments, except for P where Aemerge pH N retained a greater proportion of the supplied P
than Airex pH N.
4.4.4.2 Release of Macronutrients by Nutrient Added Treatments during Simulated
Rainwater Leaching
Cumulative release of NO3--N by the Aemerge pH N treatment was significant greater
than the Aemerge pH 4.5 treatment (Table 4.4). Other cumulative releases were not significantly
different when comparing pH treatments, regardless of biochar or macronutrient. Qualitatively,
releases of NH4+-N and P by Airex tended to be greater under pH N treatment, both in mgnutrient kg-1-biochar and as a percent of the amount retained, when compared with the pH 4.5
treatment. Release of P in Aemerge also tended to be greater under pH N treatments when
compared with pH 4.5 treatments. Sequestration (i.e. when the cumulatively leached amount of a
macronutrient was smaller than the total amount retained during pH addition/nutrient addition)
was observed in both pH treatments in both biochars for all macronutrients, except NO3--N
release in Aemerge. Both pH treatments of Aemerge released more NO3--N than they retained.
For all nutrient-added treatments, regardless of biochar, a large majority of released
nutrients were released on the first day of leaching (Figs. 4.5 (NH4+-N and NO3--N) and 4.6 (P)).
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Across biochars and both pH treatments, 88-100% of NH4+-N releases, 83-94% of NO3--N
releases, and 92-99% of P releases, were released on day 1. However, among nutrient added
treatments only NH4+-N releases had ended by day 4. Decreases in the amount of a nutrient
released did occur between day 2 and days 3 and 4 for most macronutrients and treatment
combinations. Both Aemerge treatments released less NO3--N on day 4 than on day 2 and
released less P on day 3 than on day 2 (but P releases on days 3 and 4 were not different.) Both
Airex treatments released less P on day 4 than on day 2.
4.4.4.3 Sequestration of Nutrients by Nutrient Added Treatments
Sequestration is presented both as mg element kg-1 biochar and common fertilizer
formulations (Table 4.5). Sequestration of NH4+-N and P in both biochars was greater under
nutrient-added pH 4.5 treatments when compared with nutrient-added pH N. Specifically, in both
biochars sequestration of NH4+-N is 3.3 – 3.9 times greater in the pH 4.5 treatment.
Sequestration of P is 29 times greater in Airex pH 4.5 than in the pH N treatment, but only 1.1
times greater in Aemerge. Sequestration of NO3--N in Airex was slightly greater (1.06 times) in
the pH N treatment when compared with the pH 4.5 treatment. Neither treatment of Aemerge
sequestered NO3--N.

Table 4.4: Macronutrient retention and release by nutrient added treatments during pH balancing/nutrient addition and
cumulative release in simulated rainwater leaching
NH4+-N
NO3--N
P
Added Retained Leached Added Retained Leached Added Retained Leached
----- mg kg-1-biochar --------- mg kg-1-biochar --------- mg kg-1-biochar ----(% of
(% of
(% of
(% of
(% of
(% of
Biochar
Treatment
added)
retained)
added)
retained)
added)
retained)
Nutrient9022
1344
319.5
13255 1548
599.5
19978 2052
709.1
Added pH 4.5
(14.9)
(23.8)
(11.7)
(38.7)
(10.3)
(34.6)
Airex
Nutrient9022
679.7
373.9
13255 1577
572.9
19978 922.4
875.4
Added pH
(7.53)
(55.0)
(11.9)
(36.3)
(4.62)
(94.9)
5.77 (pH N)
Nutrient4857
468.9
18.62
4902
107.5
108.6 b
0755 1067
258.7
Added pH 4.5
(9.65)
(3.97)
(2.19) (101)
(9.92) (24.3)
Aemerge Nutrient4857
117.1
0
4902
165.5
179.5 a
10755 1020
269.9
Added pH
(2.41)
(0.00)
(3.38)
(108)
(9.48)
(26.5)
6.66 (pH N)
n=3 for all means, except for leached NO3--N, where n=2 for the Airex pH N and Aemerge pH 4.5 treatments
Different letters within a column indicate significant differences (p <0.05) within a given biochar. Where means were not
significantly different, letters were omitted for clarity. Cumulative NH4+-N leaching by Aemerge could not be tested as
the pH N treatment was BDL for the entire leaching period

120

Table 4.5: Sequestration† of fertilizer nutrients by nutrient added treatments
NH4+-N
NO3--N
P
NH4+-N
NO3--N
P2O5
-1
Biochar
Treatment
mg sequestered kg biochar
kg sequestered Mg-1 biochar
1025
949 1343
Airex
pH 4.5
1.02
0.95
3.08
306
1004
47
pH 5.77 (pH N)
0.31
1.00
0.11
450
-1
808
Aemerge pH 4.5
0.45
0.00
1.85
117
-14
750
pH 6.66 (pH N)
0.12
-0.01
1.72
† Defined as the difference between retention during pH balancing/nutrient addition and release
during simulated rainwater leaching
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4.4.5 Retention and Release of Other Selected Elements during pH-Balancing/Nutrient
Addition and during Subsequent Simulated Rainwater Leaching
4.4.5.1 Retention and Release of other Selected Elements during pH-Balancing/Nutrient
Addition
With the exception of Al release in Aemerge, release of the other measured elements (Ca,
Mg, Mn, Fe, as well as Al in Airex) during pH-balancing/nutrient-addition was greater when
suspension pH was lower (Table 4.3). This included pH N treatments, where nutrient solution
had an acidifying effect on the nutrient added treatment. The order of magnitude of releases was
nutrient added pH 4.5>non-nutrient added pH 4.5>nutrient added pH N> non-nutrient added pH
N, and these differences were usually significant. For some elements, differences between
nutrient-added and non-nutrient added pH 4.5 were non-significant (Ca and Mg in Aemerge and
Al in Airex) or the difference in release between non-nutrient-added pH 4.5 and nutrient-added
pH N was non-significant (Mg release in Airex). Fe release in Aemerge was greater under the
non-nutrient added pH 4.5 treatment than the nutrient added pH 4.5 treatment.
Finally, Al release in Aemerge did not follow the dominant trend; the non-nutrient-added
pH N treatment released five times more than the nutrient-added pH 4.5, and the nutrient-added
pH N showed no detectable release. Except for Ca, releases of these elements from either biochar
were not an appreciable amount of the total concentration in the biochar. Magnesium release in
Aemerge, the second greatest release in magnitude, reached 34% of total Mg.
4.4.5.2 Retention and Release of Other Selected Elements during Subsequent Rainwater
Leaching
Both biochars continued to release Ca, Fe, P, and Mn during simulated rainwater leaching
(Table 4.3). Aemerge also continued to release Mg from all treatments and Al from both pH N
treatments. However, all Airex treatments had net retention of Mg and Al, and both Aemerge pH
4.5 treatments also demonstrated net retention of Al, and only the Aemerge non-nutrient added
pH 4.5 had cumulative retention of Fe. Cumulative release of Ca in Airex showed a different
trend where the non-nutrient added pH N treatment released significantly more than either
nutrient added treatment, and the pH 4.5 treatments were not significantly different from each
other. Airex retained Mg from the simulated rainwater in all treatment combinations, and while
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pH N treatments retained more Mg than pH 4.5 treatments not all differences were significant.
Calcium and Mg release in Aemerge were different from releases from Airex and were the
opposite of release during pH balancing/nutrient addition. In other words, the pH N treatments
released significantly more than either pH 4.5 treatment. Within pH N treatments the nonnutrient added treatment released significantly more Ca but significantly less Mg. Cumulative
releases of Mn and Fe show few significant differences between treatment combinations. For
these two elements, significant differences in releases were greatest in treatment combinations
which showed the least releases during pH balancing/nutrient addition. Finally, while some
samples of Airex demonstrated retention of Al, not enough samples showed detectable amounts
to perform statistical analysis. Aemerge released Al from both the nutrient and non-nutrientadded pH N treatments, while both pH 4.5 treatments demonstrated net retention.
Daily releases of these inorganic elements during simulated rainwater leaching rarely
showed significant differences between days, and where differences are significant there were no
distinct trends (i.e. consistently increasing or decreasing rates of release or retention) except for
Ca (Fig. 4.6B). All treatment combinations from both biochars released the majority of Ca on
day 1, though these amounts were less than macronutrient releases from nutrient added
treatments when considered in proportion to cumulative releases. Releases of Ca from treatment
combinations with lesser cumulative release (i.e. nutrient added treatments in Airex and pH 4.5
treatments in Aemerge) showed no significant differences among days 2-4. Treatment
combinations with greater cumulative releases (non-nutrient added treatments in Airex and pH N
treatments in Aemerge) showed continuously decreasing releases with some significant
differences among days 2-4.
4.4.6 Release of Soluble Carbon during pH-Balancing/Nutrient Addition
Airex and Aemerge demonstrated substantially different patterns of release of water
soluble organic C (WSOC) during pH balancing/nutrient addition (Table 4.6). Airex released
more WSOC among non-nutrient added treatments than nutrient added treatments, and within
non-nutrient added treatments pH N released significantly more SOC than the pH 4.5 treatment.
Both nutrient added treatments were not significantly different from one another. Aemerge
released significantly more WSOC in pH N treatments when compared with pH 4.5 treatments.
Within pH N or pH 4.5 treatments, differences between nutrient added and non-nutrient added
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treatments in WSOC release were not significant. The pattern of releases of inorganic C (IC)
were similar for both biochars. The non-nutrient added pH N treatment released significantly
more IC than the other three treatment combinations. In Airex, the nutrient added pH N
treatment also released significantly more IC than either pH 4.5 treatment. In both biochars,
releases of IC from pH 4.5 treatments were not significantly different regardless of nutrient
addition treatment. Releases of total soluble C (TC) follow the same trends as WSOC, except
that in Aemerge the non-nutrient added pH N treatment is significantly higher than nutrient
added pH N and both pH N treatments are significantly greater than the pH 4.5 treatments.
Table 4.6: Soluble carbon release during pH-balancing/nutrient addition.
Dissolved
Biochar
Treatment
Total C
Inorganic C Organic C
Nutrient-added pH 4.5
104.81 c
13.44 c
91.38 c
Nutrient-added pH N
109.73 c
26.13 b
83.60 c
Airex
Non-nutrient-added pH 4.5
310.39 b
16.71 c
293.68 b
Non-nutrient-added pH N
624.39 a
208.13 a
416.26 a
Nutrient-added pH 4.5
83.28 c
38.86 b
44.41 b
Nutrient-added pH N
400.08 b
64.01 b
336.07 a
Aemerge
Non-nutrient-added pH 4.5
96.56 c
34.66 b
61.90 b
Non-nutrient-added pH N
1065.24 a
710.16 a
355.08 a
For a given biochar, different letters indicate significant differences (p <0.05) among
treatments, n=3 for all means.
4.5 Discussion
4.5.1 Leachate pH
Airex and Aemerge differed significantly how leachate pH changed over the four
sampling days (Fig. 4.4A and B). For Aemerge, pH of leachate coincided with releases of Ca
(Table 4.3), presumably from dissolving Ca carbonates. Both pH 4.5 treatments released much
less Ca than the pH N treatments cumulatively during the leaching experiment but released more
Ca than the pH N treatments during the pH balancing/nutrient addition. Because a greater portion
of acid-neutralizing Ca-carbonates (or other inorganic solids) were solubilized during pH
balancing/nutrient addition, both pH 4.5 treatments also had significantly lower pH than the pH
N treatments during the leaching experiment. While all treatments released the majority of Ca on
day 1, the pH N treatments continued to release considerable portions of Ca on days 2, 3, and 4
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while also having leachate pHs considerably higher than the simulated rainwater pH. While the
two pH 4.5 treatments had a pH considerably above the simulated rainwater pH on day 1, on
days 2-4 the pH of these treatments equilibrated nearer the 5.04 final pH of the rainwater than all
other treatments.
In Airex, there was no clear relationship between Ca releases and leachate pH. The
leachate pH did not change significantly over time for any of the Airex treatments. Additionally,
the pH of the non-nutrient added pH 4.5 treatment was not significantly different from the pH of
either the pH N treatments, or the nutrient added pH 4.5 treatment. Cumulative Ca releases were
greater in the non-nutrient added treatments regardless of pH treatment. However, when
compared to Aemerge, releases of Ca from Airex were less dominated by day 1 releases. The
delayed release of Ca suggests slower dissolution of Ca-carbonate, and improved buffering of the
acidic rainwater by Airex compared to Aemerge. However, day 2, 3, and 4 releases of Ca from
the nutrient-added and non-nutrient added pH 4.5 treatments were similar, despite the lower pH
of the nutrient added pH 4.5 on days 2 and 4. Additional buffering from ion exchange and the
solubilization of other inorganic alkaline compounds may be responsible for the greater buffering
observed in Airex.
4.5.2 Possible Agronomic Effects of Nutrient Sorption by Biochar Amendments when coapplied with Liquid Fertilizer
At an amendment rate of 22.5 Mg-biochar ha-1 sequestration may be enough to seriously
limit agricultural production if fertilizer amendment rates are not increased to correct the deficit.
For example, at a biochar application rate of 22.5 Mg ha-1, the nutrient added pH 4.5 treatment of
Airex would sequester 52.2 kg-N ha-1 and 69.3 kg - P2O5 ha-1 (Table 4.5). Aemerge sequestered
less, but a sequestration rate of 10.1 kg-N ha-1 and 41.6 kg-P2O5 ha-1 would still be sufficient to
seriously impact productivity of most conventional large and small grain crops (Vitosh et al.,
1995), though it may not be severe enough to cause total crop failure. It may also seriously
impact the production of biomass crops; the sequestration of P2O5 by Airex is 2-3x the total
yearly fertilization supplied in some Miscanthus production systems (Deen et al., 2016).
Qualitative differences among pH 4.5 and pH N, in which more of each nutrient was
sequestered in the pH 4.5 treatment in both biochars (Table 4.5) suggest that sequestration in low
pH soils maybe greater than in soils with pH between 6.0 – 7.0. This would include soils both
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naturally acidic (e.g. forest soils and older soils such as ultisols and oxisols) and
anthropogenically acidic soils (e.g. post-surface mining soils). However, limitations of this
experiment mean limited confidence in this application of the data in this manner. Reducing
statistical uncertainty (via increased sample numbers or sizes in repeat or similar experiments) is
necessary. Additionally, applying these data to scenarios of environmental biochar applications
would require separating the effect of acidic pH from the mechanical agitation and prolonged
saturated conditions inherent in maintaining suspensions. (In other words, are low-pH conditions
sufficient for the observed effect, absent the conditions of suspension?)
Sequestered nutrients are not expected to remain permanently unavailable. As plant roots,
fungal hyphae, and soil microbes infiltrate and colonize the biochar, the sequestered nutrients
will be consumed by these colonizers and enter into the normal soil-nutrient cycles. If
entrainment is a major contributor to nutrient sequestration, diffusion into the general soil
solution will also distribute some nutrients. Additionally, biochar particles may physically
disintegrate (Spokas et al., 2014), especially where freeze-thaw cycles occur, which will release
entrained nutrients and expose ion-absorption surfaces to the general soil solution. Predicting
how quickly sequestered nutrients become available will require additional research and can be
expected to vary widely with biochar types, climate, and management decisions.
Retention of nutrients is one of the targeted purposes of biochar application (Laird et al.,
2010). However, it is likely that sequestration of nutrients present in the soil prior to biochar
addition, or nutrients added following biochar addition, will be less than that observed in this
experiment. Natural soil processes will not duplicate the perfect mixing and prolonged contact of
the pH-balancing/nutrient-addition suspension. Biochars would also compete with soil minerals
and organic matter for sorption of nutrient while plants and soil fauna would consume some of
those same nutrients prior to contact with the biochar.
4.5.3 Release of Nutrients and Other Elements from Non-nutrient Added Biochars
The most abundantly released element from non-nutrient added treatments was Ca (Table
4.3). The nutrient added pH N treatment of Aemerge released the greatest amount of Ca2+, 1367
mg kg-1 biochar over both pH-balancing and nutrient-addition, or 31 kg ha-1 at 22.5 Mg biochar
ha-1. This is a small amount compared to the calcium present in the tons of lime regularly applied
to agricultural soils (Vitosh et al., 1995) or acidic post-mining soils (Pichtel et al., 1994).
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Release of most inorganic elements during pH-balancing/nutrient-addition, including P,
was increased in lower pH solutions. This may be related to directly increasing solubility of salts
(i.e. carbonate salts) and to increased opening of salt-blocked pores. If biochars contained
potentially toxic metals, controlling solution and soil pH may be necessary to prevent leaching of
these metals. In many metal contaminated landscapes, liming is used to reduce or prevent metal
solubility and mobility (Yang et al., 2011). This would also help suppress metal solubility in
biochars. Where acidic soil pH will not be corrected as a part of revegetation or rehabilitation,
more careful control of biochar contents will be necessary.
4.5.4 Water Soluble Carbon Releases during pH Balancing/Nutrient Addition
A common concern for both metal-polluted landscapes and land-application of metalbearing waste products (which may include biochar) is the mobilization of toxic metals. Water
soluble organic C is also known to increase the mobilization of toxic metals, and the effect is
generally attributed to chelation (Zeng et al., 2011). A concern regarding soil amendments with
high concentrations of organic C, like biochar, is that they may increase solubilization and
transport of metals by supplying WSOC to the soil. Both biochars did release WSOC (0.35-0.416
kg-C Mg-1-biochar from the highest-releasing treatment combinations) during pHbalancing/nutrient-addition. Both biochars also released some WSOC during simulated rainwater
leaching (Appendix B), but these releases were less than 10% of the WSOC releases observed in
pH-balancing/nutrient-addition for all treatments. At an amendment rates of 22.5 Mg biochar ha1

, the maximum release in this experiment would be 9.36 kg-WSOC ha-1. Releases of WSOC in

normal agricultural conditions vary widely with soil type, climate, and management decisions,
but can range from 0 to 300 kg-C ha-1 yr-1 (Vinther et al., 2006; Xu et al., 2013; Long et al.,
2015). The supply of WSOC from these biochars is therefore expected to be a minor contributor
to total WSOC supply when compared with field management decisions and uncontrollable
environmental factors.
In soils, WSOC sorption to solid phase soil particles increases in proportion to
exchangeable Ca2+ in the soil solution, unless the soil solution reaches a sufficiently high ionic
strength (I) (a level which is expected to vary with soil properties) at which point the adsorption
of WSOC is favored regardless of exchangeable Ca2+ (Setia et al., 2013). Ionic strength was not
directly measured, but a relative ranking of nutrient-added pH 4.5 > nutrient added pH N > non-
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nutrient added pH 4.5 > non-nutrient added pH N can be inferred, both due to the influence of
the aqueous nutrient addition solution and the increased solubilization of metal ions by acidity of
the pH 4.5 treatment or added nutrients. We hypothesize that, in Airex, high WSOC releases
occur under non-nutrient added treatments (Table 4.6) where high ionic contents from the added
nutrients favored WSOC adsorption. Conversely, we hypothesize that among Aemerge
treatments the combined effect of added nutrients and solubilized inorganic elements
insufficiently raised the ionic strength of the solution to support WSOC adsorption, and WSOC
adsorption increased where Ca2+ solubilization increased in the pH 4.5 treatments during pH
balancing/nutrient addition.
In both biochars the non-nutrient-added pH N treatments released significantly more
water-soluble inorganic C (WSIC) during pH-balancing/nutrient-addition (Table 4.6). The
acidity of either the pH 4.5 treatments or the nutrient-addition solution was likely to have been
sufficient to force partitioning of the carbonates (which make up the majority of WSIC) to
dissolved CO2, which would partition into atmospheric CO2. As a consequence, WSIC releases
observed during pH balancing/nutrient addition are not indicative of each biochar’s tendency to
release WSIC. Nevertheless, the carbonates released from non-nutrient added pH N treatments
would not be expected to significantly alter soil pH in most agronomic or rehabilitative
scenarios. At an amendment rate of 22.5 Mg-biochar ha-1, the Aemerge non-nutrient added
treatment would supply 1.065 kg C ha-1 as WSIC (which is the maximum WSIC release
observed from all treatments). In agronomic contexts, it is not uncommon for multipleMg ha-1 of
lime to be applied (Vitosh et al., 1995). Each Mg (or tonne) of standard agricultural lime would
supply approximately 78 kg C as carbonates to soil, assuming an RNV of 65 and the
applicability of RNV in estimating the availability of Ca-carbonates in lime (Rasnake et al.,
2002). One Mg of pure CaCO3 would supply 120 kg C as carbonates. In certain rehabilitative
contexts, e.g. post-mining rehabilitation especially of coal mines, acidity may greatly exceed
normal agronomic levels (Yang et al., 2011). The necessary lime applications would
concurrently increase, and further reduce the impact of WSIC contributions from these biochars.
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4.5.5 Mechanisms of Retention
Multiple mechanisms of retention may have been active in the sorption of added nutrients
by biochars, such as ion exchange, entrainment of solution, phosphate chemisorption, and
precipitation of insoluble species. This experiment is limited in its ability to rank the contribution
of these mechanisms to observed retention, or to assess possible competition among the different
mechanisms, and no mechanism can be unequivocally supported as being dominant.
A considerable majority of the macronutrients from nutrient-added biochars were leached
on day 1, regardless of pH treatment or macronutrient. This observation suggests entrained
nutrient solution (or highly soluble precipitates from when entrained solution dried) was rinsed
from pores by the simulated rainwater. These entrained or precipitated nutrients may have
contributed to observed retention.
However, any entrained solution that was in equilibrium with the suspension solution
collected as supernatant/filtrate would not have contributed to observed retention, as
retention/release is calculated from the increase or decrease in the equilibrium concentration of
the suspension fluid. These retained but invisible nutrients may have been observed to leach
during simulated rainwater leaching. This may have inflated total macronutrient release and led
to an underestimation of the potential of these biochars to sequester macronutrients. This
“invisible” retention may have also contributed to the excess NO3--N released by the nutrientadded Aemerge treatments (Table 4.4).
The NH4+-substitution CEC was not accurate in predicting total retention of nutrients
(especially in Aemerge), but the relative ranking of Airex and Aemerge in that characterization
was realized. Airex retained a greater mass of nutrients and a greater proportion of the applied
nutrients despite its lower surface area, and this may act as circumstantial evidence that ion
exchange was a factor in retention or sequestration. However, isotherms of NH4NO3 were
attempted on Airex and Aemerge (Appendix B), and the isotherm data did not fit Langmuir –
type retention patterns observed where retention is dominated by ion exchange (Sposito, 2008),
reinforcing the idea that inorganic N sorption by these biochars is not controlled predominantly
by ion exchange surfaces.
Precipitation of Ca-phosphate may also contribute to retention of P (Takaya et al., 2016).
Specifically, the increased solubility of Ca2+ in the pH 4.5 treatments of both biochars during pH
balancing/nutrient addition (Table 4.3) relative to the pH N treatments would have increased the
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supply of the necessary Ca2+ for Ca-phosphate precipitation. However, Ca-phosphate
precipitation would have decreased observed Ca2+ in the suspension solution as well. Retention
of P in the nutrient added pH 4.5 treatments of both biochars was greater (p <0.06) when
compared to the nutrient-added pH N treatment (Table 4.4), yet the Ca2+ concentration was also
greater in the nutrient-added pH 4.5 treatments when compared to the pH N treatments, for both
biochars. Additionally, the P retained is not in direct proportion to the Ca2+ in solution when the
two biochars are compared, i.e. the greater Ca2+ supply of the nutrient added pH 4.5 Aemerge
treatment did not increase its sorption of phosphate over than of the comparable Airex treatment.
It also did not sorb a majority of the available P. In summary, the simple association that greater
solubilized Ca2+ and greater retained P (P <0.06) suggests that Ca-phosphate precipitation played
a role in P retention within biochars. However, differences in the proportion of solubilized Ca2+
and retained P between biochars suggest that other variables specific to each biochar may control
how important Ca-phosphate precipitation is to overall P retention.
Cumulative release of P in Airex was also greater (p<0.05) from the pH N treatment,
from which Ca2+ releases were the least. The lower solubility of Ca phosphates may have
delayed or prevented the precipitated P from re-solubilizing, even in the moderately acidic
simulated rainwater.
Another complicating factor is the possibility of nitrification (biotic or abiotic) or uptake
of N into microbial mass. DDI water, acid rinsed equipment, and sterile filters were used during
this experiment to minimize the possibility of contamination and microbial activity. However,
this experiment did not specifically prevent microbial activity either during pHbalancing/nutrient-addition and simulated rainwater leaching. Qualitative differences between
treatment combinations show that increases in NH4+-N retention under pH 4.5 treatments are met
with decreases in NO3--N retention. As a result of nitrification, NH4+-N would be lost from
solution, increasing apparent sorption. At the same time NO3--N would be increased in solution,
reducing apparent sorption or increasing observed releases. This may be responsible for
Aemerge leaching more than 100% of the NO3-N retained during pH balancing/nutrient addition
(Table 4.4). Loss of NH4+ or NO3- (in Airex) would also be possible by uptake into microbial
mass or conversion to organic-N.
These proposed mechanisms of nutrient retention are concentration and pH dependent
processes. At the hypothetical biochar application rate of 22.5 Mg ha-1 discussed in section 5.2,
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the macronutrient concentrations (per kg biochar) used in this experiment would exceed normal
agronomic fertilizer rates which in turn are greater than nutrient-supply rates to most bio-energy
crops). As nutrient/biochar application rates are reduced to reflect actual nutrient supply needs,
observed initial retention and sequestration can be expected to decrease.
4.6 Summary
Ultimately, individual biochars should be tested and characterized prior to addition to the
soil, under conditions simulating their intended use. The biochars used in this experiment
demonstrated very different capacities for retention and sequestration of nutrients. Specifically,
differences in the magnitude of release of sorbed nutrients and other elements retained from the
feedstock and in the release of WSOC were observed. Ensuring that releases of soluble C or
inorganic elements are acceptable in a given soil environment will be essential in applications
were releases of soluble-C and metals must be tightly controlled.
Total concentration of an element in a biochar is not a good predictor of that element’s
net release. Release of Al, Ca, Fe, Mg, and Mn Were observed to be inversely related to the
suspension pH in one or both biochars. This knowledge may provide options for disposal of plant
residues from phytoremediation or where polluted landscapes are used in bioenergy production.
Certain pollutants may be immobilized by their inclusion in biochar, but pH management may
help to further control leaching and mobility of these pollutants. Additionally, though this
experiment could not rank or distinguish among different mechanisms of retention for NH4+,
NO3-, and PO4 (of various speciation), the data available support the importance of multiple
mechanisms co-occurring. Certainly, it is not accurate to model biochars as ion exchange
surfaces.
Both biochars tested demonstrated sequestration of nutrients at a magnitude which would
be sufficient to reduce crop productivity. In applications where fertilizers are intended to be coapplied with biochars, biochars should be tested for sequestration potential, so that nutrient
management decisions can be adjusted to accommodate initial sequestration of nutrients. Given
that the majority of macronutrients were released during the first day of leaching, 1-day
extractions may be sufficient to estimate nutrient sequestration.
Future research is necessary to understand the degree to which sequestered nutrients will
be available and the rate at which they become available, in multiple climates and under multiple
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management decisions (e.g. timing of application, fertilizer:biochar application rate). By
conducting structural assessments of the biochar before and after application, researchers can
also support understanding of how different biochar properties affect the sequestration of
nutrients and the eventual biological availability of those nutrients. Alongside long-term study
plots on the effect of biochar amendments, these avenues of research will help inform bestpractices for biochar amendment and help to ensure and increase the environmental and
economic sustainability of soil rehabilitation.
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CHAPTER 5. EFFECTS OF COMPOSTED MULCH AND BIOCHAR ON
THE REHABILITATION OF POST-SURFACE MINING SOILS

5.1 Abstract
Overburden soil from a former surface coal mine was supplemented with biochar,
composted mulch, or a C-equivalent mix of the biochar and mulch to study the ability of these
amendments to support soil rehabilitation. Specifically, development of cation-exchange
capacity (CEC), soil organic matter (SOM), soil pH and buffer pH, soluble salts, microbial
activity, soil aggregates, and above and below-ground biomass productivity of wheat grass, and
nutrient content of above-ground biomass were measured at 45, 75, 105, and 135 days post
planting. The SOM, CEC, buffer pH, soil pH, and soluble salts were determined predominantly
by the treatments prior to planting or due to initial soil conditions, and there were few consistent
changes over time. None of these variables were observed to significantly affect above-ground
biomass productivity. Soil pH in unfertilized soils ranged from 5.4 – 5.7 on day 45 and 5.4 – 5.6
on day 135, but general nutrient deficiency in unfertilized soils could not be separated from pH
dependent effects on nutrient availability. Average aggregate size (in mean weight diameter of
water stable aggregates, or MWD) increased from 0.3 to 0.5 mm (day 45 to day 135) in fertilized
soils, without consistent differences among treatments. Among unfertilized soils, MWD increase
from 0.4 mm to a maximum of 0.8 mm on day 135 in the mulch 2% (i.e. a soil that is by weight
2% C from added mulch). Other mulch and mix treatments also increased MWD above the
unfertilized control, but biochar alone did not. Microbial activity in fertilized soils increased with
mulch amendment rate (including mulch supplied in mix treatments), but mulch/mix treatments
were not always different. In unfertilized soils, microbial activity closely mirrored MWD
development: mulch 2% > mix 2% > mulch 1% and mix 1% > biochar 1 and 2% and control, but
these differences were all significant. Above-ground biomass production in fertilized soils was
suppressed relative to the control in proportion to mulch amendment rate. All fertilized
treatments demonstrated below-sufficient N content, but B tissue levels were toxic for all
treatments except the control on day 45. Boron tissue content was proportional to the mulch
amendment rate. Only mulch 1 and 2% were suppressed between day 45 and 75. Cumulatively,
by day 135 only mulch 2% treatment had biomass production below that of the control.
Unfertilized soils suffered from general nutrient deficiency, and biomass production decreased
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over time for all treatments. Biomass production was greater as mulch amendment rate was
increased, with mulch 1 and 2% treatments have greater cumulative production than all other
unfertilized treatments.
5.2 Introduction
Soils overlaying former surface mines may have crop production limitations common to
soils heavily disturbed by excavation, transport, and storage, and by treatment to remove
pollutants. These limitations include critically low organic matter (Sere et al., 2008; Chaudhuri et
al., 2012) and nutrient contents (Pichtel et al., 1994; Fierro et al., 1999), poor or non-existent soil
structure (Séré et al., 2010), poor aggregation (Wick et al., 2014), high compaction (Jacinthe and
Lal, 2007), and poor water conductivity and retention (Curtis and Claassen, 2009). Some former
surface mines face an additional limitation in acid generation by pyrite oxidation (Hollings et al.,
2001; Ardejani et al., 2011). These limitations can combine in a self-perpetuating cycle where
excess erosion slows the accumulation of organic matter (Polyakov and Lal, 2008) and
establishment of plant cover (Curtis and Claassen, 2009). Because organic matter is essential for
soil aggregation (Tisdall and Oades, 1982), and because plant cover and plant residues are
effective at reducing erosion (Beggy and Fehmi, 2016), erosion is enhanced in former surface
mines. Fallow-field strategies have shown limited success in rehabilitating former mine-sites,
and may require decades to achieve ecological restoration (Skousen et al., 1994) or sustainable
agricultural production. During this time, poor soils may contribute to contaminate runoff and
groundwater, and may pose a financial risk for agricultural producers.
In order to shorten the timeframe of soil rehabilitation, high-C amendments may be
incorporated into the soil to facilitate the accumulation of soil organic matter (SOM). The C in
these amendments can vary from being predominantly labile (e.g. mulch, compost, and
biosolids) to very stable in the environment (i.e. biochar). These amendments may help denuded
soils by contributing cation-exchange capacity (CEC) (Helling et al., 1964) and buffering
capacity, nutrient supply (Allison, 1973), and water retention and availability (Gupta et al., 1977;
Hudson, 1994; Basso et al., 2013) which accompany increased SOM and are essential to
restoring productivity to denuded soils.
High C amendments are also meant to encourage soil structure by stimulating biological
and geochemical processes that increase soil aggregation (Jastrow et al., 1998; Denef and Six,

139
2005; Liu et al., 2014). Well-aggregated soils have been shown to have reduced erosivity and
increased positive hydrological properties (i.e. greater infiltration, reduced surface runoff,
increased water holding capacity, and increased available water) (Barthès and Roose, 2002; Saha
and Kukal, 2015). Development of stable soil aggregates (SSA) is also essential to developing
sustainably high SOM levels in the soil, and is an active process in the soil C cycle (Kong et al.,
2005).
Within macroaggregates (i.e. >250μm), which have been described as “microaggregate
factories”, non-aggregated organic and minerals are held in close proximity with each other and
with existing microaggregates (i.e. <250μm) (Jastrow and Miller, 1998). This promotes the
mineral-SOM complexes which are the fundamental building blocks of soil aggregates (Tisdall
and Oades, 1982). When the more transient macroaggregates disassemble, new microaggregates
made from previously non-aggregated material are likely to persist (Denef and Six, 2005). These
new microaggregates continue to participate in the soil aggregation cycle. SOM and plant litters
also support SSA development by acting as a food source for the soil fauna, fungi and other
microbes that support aggregation. These organisms hold aggregate components in physical
proximity with extracellular structures like hyphae or within the guts of fauna (i.e. earthworms),
as well as providing adhesive exudates, e.g. glomalin and mucus (Shipitalo and Protz, 1989;
Duchicela et al., 2013; Singh et al., 2013).
When SOM is incorporated into SSAs, especially the smaller and more stable
microaggregates, access to soil fauna and microbes is generally reduced. During aggregation,
SOM may be physically surrounded by soil minerals or chemically protected through chemical
complexes with clay minerals (Jastrow and Miller, 1998; McCarthy et al., 2008). SOM protected
in these aggregates are a major part of the “slow-pool” or long-residence time SOM (Baldock
and Skjemstad, 2000), contrasted with the “fast pool” of unprotected and biologically active
SOM (Huang et al., 2005). The fate of SOM in macroaggregates is less certain, as
macroaggregates may contain air and water-filled pores, microbes, fungi and fungal hyphae, and
plant roots (Jastrow et al., 1998).
Labile C additions support SSA formation and SOM accumulation by supplying the
biologically and chemically active materials which are limited in denuded soils. Prior to
degradation, these amendments may still support soil productivity and aggregation by reducing
erosion (Beggy and Fehmi, 2016), and increased water retention and infiltration (Jagadamma et
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al., 2009). These amendments enter the active soil-C cycle following degradation by soil
microbial, fungal, and fauna communities, though a considerable portion of the non-mineralized
carbon from these amendments may be initially contained in microbial and fungal mass
(Chantigny et al., 2000). Extracellular products and physical structures (i.e. hyphae) of soil
microbes contribute to soil aggregation (Jastrow et al., 1998), and cell wall components are also
known to participate in organo-mineral interactions. These interactions may occur before or after
microbial death (Huang et al., 2005). The stability of these organo-mineral interactions may
change with the life cycle of these microbes, as microbes may alter the soil chemical
environment near them while living (Huang et al., 2005) and the cellular and extracellular
components which participate in organo-mineral interaction may be mineralized following
microbial death, sporulation, or predation.
Contrasted with these labile C amendments, the C present in biochars can be largely
unavailable to degrading organisms in the soil, and may have a soil mean residence time
exceeding 100 years (Brodowski et al., 2006). Biochars, the solid product of the pyrolysis of
biomass, are a heterogeneous group of materials with varying pore volume, physical stability,
chemical activity, and biological availability (Keiluweit et al., 2010; Zimmerman et al., 2011;
Uchimiya et al., 2013; Wiedemeier et al., 2015). These properties are determined by the
feedstock and the pyrolysis conditions (e.g. the temperature, time, atmospheric conditions, etc.)
(Keiluweit et al., 2010). Short-term benefits from biochar amendments include preventing
compaction and increasing water retention (Basso et al., 2013; Kelly et al., 2014), the liming of
acidic soils (Kelly et al., 2014; Zacchero and Crippa, 2014), and increased CEC and nutrient
retention (Laird et al., 2010; Oh and Yoon, 2013; Borchard et al., 2014; Tian et al., 2016).
Additionally, biochar’s direct contribution to CEC is expected to increase as the biochar is
oxidized through biotic and abiotic soil processes (Cheng et al., 2006; Mao et al., 2012; Singh et
al., 2014; Zhao et al., 2015).
In long-term soil rehabilitation projects, a more compelling property of biochar is the
potential to reduce the mineralization of SOM (Zimmerman et al., 2011; Woolf and Lehmann,
2012; Maestrini et al., 2014), and may allow the soil to continuously benefit from the effects of
the increased pool of SOM and a more active soil-C cycle. This suppression, termed negative
priming, may come from compounds toxic to microbes, the physical encapsulation and
protection of SOM, and alterations in the microbial community (Zimmerman et al., 2011).
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Biochars can support aggregation as a stable organic constituent of SSAs (Brodowski et al.,
2006), in that they are largely resistant to microbial decay but may still participate in organomineral interactions. Also, solubilizing ash may enable the cationic bridging essential in organomineral interactions (Briedis et al., 2012) in cation deficient soils.
Biochars and labile amendments may also increase the mineralization of native SOM
through activation of the soil microbial community (i.e. positive priming). Native SOM
mineralization can also be increased following biochar amendment due to co-metabolism, i.e.
exudates produced by microbes targeting the recently added labile C also metabolize nativeSOM (Hamer et al., 2004). Zimmerman et al. (2011) demonstrated the priming effects of biochar
were initially positive but became negative or less positive over time as labile C was consumed.
Only high temperature biochars (those with little or no remnant labile material), demonstrated
negative priming immediately following addition to the soil, but this is not a universally
observed effect. In another study (Gibson et al., 2018), low temperature (300 ⁰C pyrolysis
temperature) biochars demonstrated the greatest suppression of mineralization of native SOM.
Biochar may also promote SOM mineralization by providing sheltered habitats for microbes
where native-SOM may accumulate (Wardle et al., 2008).
The use of high-C amendments in restoration and enhancement of both marginal and
prime soils is a topic of much research. Not all studies of high-C amendment applications have
shown beneficial changes to soil properties or crop yields (Jagadamma et al., 2009; Borchard et
al., 2014; Jeffery et al., 2015), and more research is necessary to understand the soil and
amendment properties and the management decisions which determine success or failure.
In this study, we explore the use of labile and stable high-C amendments in the short-term
disruption of the low-productivity cycle in an unstructured and denuded post-mining soil.
Specifically, the objectives of this paper are to examine the effect of the addition of high C
amendments (both labile and stable) on the formation of SSA in a former mine soil within a
single simulated growing season. Also, this study examines how mineralization of added labile C
is affected by fertilization, C addition rate, and co-application with biochar. Additionally, this
study examines the co-application of these C amendment types, as their co-application may
significantly enhance or degrade their effects on soil rehabilitation. Finally, considering the
economic advantages to immediate restoration of agricultural production, this study examines
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whether these treatments affect biomass production significantly, and whether the effects of high
C amendments are influenced by the supplemental nutrients required for agricultural production.
5.3 Materials and Methods
5.3.1 Soil Characterization
Soil was collected in Oct. of 2013 from a closed surface mine entering rehabilitation
under its original operator, Solar Source Inc., (Indianapolis, IN). This soil is a silty clay loam
(69.0 g kg-1 silt, 597 g kg-1 clay, 334 g kg-1 sand). Clay mineralogy is mixed and complex.
Kaolinite, mica, vermiculite, and smectites were positively identified and interstratification of
smectites and micas is supported by the XRD data. The effects of excavation and storage during
mining operations, and redistribution during restoration eliminated any previous taxonomic
structuring. At the time of collection, the soil was massive-structureless and had no
distinguishable horizons. Soil bulk density increased from 1.4 g cm-3 at the surface to 1.6 g cm-3
at 30 and 45 cm. The soil had below adequate concentrations of N, P, K but had adequate
concentrations of Ca, Mg, and S, and had low concentrations of Zn, B, and Na (Table 5.1)
(Snowball and Robson, 1991; Vitosh et al., 1995). Copper was in adequate supply (Table 5.1).
The soil originally had a pH of 5.3 ± 0.07 and had 17.4 ± 0.8 g kg-1 SOM. Soils were stored at
room temperature and without being dried for 18 months prior to preparation for the experiment
during which the pH declined to 5.0 and SOM fell to 16 g kg-1 (measured on a single
homogenized sample of the ground soil). CEC was measured at 14.2 cmolc kg-1 for the un
fertilized control following preparation for the study.
Clay mineralogy was qualitatively determined by X-ray diffraction. Clays were analyzed
using Ca, K, or Mg cation solvation with non-random crystallite orientation on a porous ceramic
disk. Ethylene-glycol saturation and analysis of the K saturated sample after heating at 100, 300,
and 500°C was used to identify vermiculites/smectites (Amonette, 2002). Each disk was scanned
on a PANalytical X’Pert PRO MPD x-ray diffraction system (PANalytical, Almelo, The
Netherlands) with CoKα radiation (45KeV, 40 mA). Samples were scanned from 2.1 to 80°2θ in
0.033° steps. A fixed, 1° anti-scatter slit was used at <12°2θ for all scans. Soil texture was
determined by the hydrometer method (Bouyoucos, 1962), including clay dispersal using
(NaPO3)6.
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Table 5.1: Initial nutrient concentrations in soil and nutrient supply rates by treatment*
Inorganic
P
K
Ca
Mg
B
Cu
Zn
Na
N
------------------------------------------------ mg kg-1 soil ----------------------------------------------

Total N

Unamended
Soil
Mulch 1%
Mulch 2%
Mix 1%
Mix 2%
Biochar 1%
Biochar 2%
Fertilizer‡

----

10

5

49

1171

255

0.1

2.8

1.9

24

658
1386
393
779
121
242

21
44
11
21
†
†
Varied by
harvest
day

24
51
12
24
†
†

209
440
109
217
8
17

428
902
232
460
32
64

80
169
42
83
3
6

0.4
0.8
0.2
0.4
†
†

0.4
0.9
0.3
0.5
0.1
0.2

0.3
0.6
0.1
0.3
†
†

30
47
25
50
3
6

737

656

1626

120

1

3.0

8

0

----

* Nutrient supply from biochar and mulch are based on total concentration and may not be plant
available.
† These elements were below the limit of detection in ICP-OES analysis following microwave
digestion with aqua regia.
‡All fertilizer N was supplied as Ca(NO3)2. 30, 80, 120 and 160 mg N kg-1 soil was supplied up to
45, 75, 105, and 135 days, respectively.
5.3.2 Soil Preparation and Pot Packing
Soil was ground by hand through a 1 cm screen to break up massive clods, then
homogenized with a rotating drum mixer. Soils received either fertilizer and lime (fertilized) or
neither (unfertilized). Both fertilized and unfertilized soils then received an amendment of
composted mulch, biochar, or a C-equivalent mix of mulch and biochar. These C sources were
added so that the final soil mixture was 1 or 2 % added C by dry weight. Additionally, controls
with no C amendment were prepared for fertilized and unfertilized soils for a total of fourteen
treatment combinations,
Composted mulch from mixed municipal waste was supplied by Smith Creek (formerly
Koetter and Smith Inc., (Borden, IN)). This mulch was 430 g kg-1 organic-C and 19 g kg-1 N by
dry weight for a C:N ratio of 23:1 and had distinguishable woody residues remaining within the
mulch. The mulch was sorted by hand to break up larger clumps and remove plastic debris. Soil
Charge, a biochar provided by Aemerge, Inc., (Indianapolis, IN) is a highly recalcitrant char
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produced in fast pyrolysis at 700 ⁰C under vacuum and was not modified or treated prior to
incorporation. Under proximate analysis (ASTM D3172-D3175), Soil Charge had 870 g kg-1
fixed matter, 110 g kg-1 volatile matter, and 20 g kg-1 ash. Soil Charge contained 910 g kg-1 C by
weight. Acid neutralization titration suggested this biochar had negligible acid-neutralization
potential. Fertilized soils were limed at a total rate of 3.12 g CaCO3 kg-1 oven-dry soil prior to
fertilization. In two separate applications spaced 7 days apart, CaCO3 powder was spread over
the surface of the soil which was then wetted with DI water and mixed 8-10 times by rolling on a
plastic sheet. The first application of lime was calculated to be sufficient to neutralize soil pH but
was found later to have had an insufficient effect, either due to residual acid generation or low
solubility of the CaCO3 powder. After the second lime applications, soils were allowed 10 days
to equilibrate before being fertilized (Table 5.1) in the same process as with liming. The
Ca(H2PO4)2, KCl, and MgCl2 were applied as dry powder, but Zn, Cu, and B were applied as a
solution prior to rolling and mixing. Non-limed, non-fertilized soils were wetted and rolled in an
identical manner after both liming and fertilization, but without amendments.
Carbon-amendments were also added to soil by rolling on plastic sheets, but without
additional water. Plastic sheets were changed between each fertilized/unfertilized and C-type/rate
treatment combination. For mix treatments biochar and mulch were not mixed prior to
incorporation. Soil was immediately loaded into 10.16 cm by 10.16 cm plastic pots to an
equivalent of 1800 g oven dry soil/amendment mix. As extra soil mix allowed, additional extra
pots were packed per treatment combination for use in assessing biomass between sampling days
for the purpose of adjusting watering calculations. These pots were otherwise treated like
experimental pots. Following carbon addition, sub-samples of non-fertilized treatments were
used in -1.5 MPa and -30 kPa (-15bar and -0.3bar) pressure-plate water retention measurements
to determine field and wilting capacity for each carbon type and percent (Cassel and Nielsen,
1986).
5.3.3 Planting, Culling, and Weeding
Within 24hrs of loading pots with soil/amendment mix, 15 seeds of treated Pioneer
25R40 winter wheat (Triticum aestivum L.) were seeded to 2.5 cm into each pot, followed by a
watering to 850 g kg-1 of field capacity. After 10 days, emerged plants were culled to a
maximum of 8. Above-ground mass of weeds was pulled during daily watering, and while roots
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were sometimes extracted the soil was not deliberately disturbed to retrieve weed roots. On some
pots, significant moss developed on the surface of the pot and this was left undisturbed. Moss
growth was mostly limited to 6 pots nearest to the greenhouse exhaust fans and was not greater
in any particular treatment combination. The growing period lasted Jun 30th – Nov. 13th.
5.3.4 Maintenance
Soil moisture targets were set to prevent water stress and leaching. Between planting and
the second harvest on day 75, each day all pots from each treatment from one block was weighed
and the moisture content calculated. If the average moisture content for a treatment was below
65% of field capacity (FC), the volume of water needed to bring this average to 80% FC was
calculated. All pots of that treatment across blocks and sample days received this calculated
volume of DI water. The measured block was chosen semi-randomly; there was no formal
randomization but each block was measured twice per week and no block was weighed two days
in a row. Each Friday pots were weighed individually and brought to 80% FC regardless of
whether they were below 65%. Following the second destructive harvest on day 75, pots were
weighed individually each day, and adjusted only if they were below 65% FC. On day 85 the
target soil moisture was reduced to 70% FC, and plants were not watered unless they were below
55% FC. This was done to combat black fly and reduce root rot.
Watering rates were corrected for developing biomass using either the most recent
harvest or extra pots which were sampled at the midpoint between harvest dates. No extra pots
remained between 105 and 135 days, and so estimates of biomass were made based on previous
sampling days and biomass estimates. This watering schedule was intended to prevent leaching,
but due to preferential flow some leaching occurred.
Thrips (order Thysanoptera, identified by the Purdue University Plant and Pest
Diagnostic Laboratory) were controlled with insecticide foliar sprays - Conserve (spinosad, Dow
Agrosciences) on day 63 and Aria (flonicamid, FMC Global Solutions) on day 72.
Light supplementation was supplied so that a minimum of 12hrs of growing light was
supplied per day; high-pressure sodium lamps were used. On some summer days, natural
sunlight exceeded 12hrs and no supplementation was used. Lamp time was adjusted monthly to
biweekly to accommodate changes in natural daylight, with changes within summer months
occurring much slower than the late-fall winter months.
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Initially, fertilized plants received N fertilization at a rate of 10 mg-N kg-1 of dry
equivalent soil/carbon mix, or 18 mg-N per pot every 15 days. After the second fertilization, the
schedule was increased to every 7 days. Nitrogen was supplied in 9ml of 2 g kg-1 N solution, or
16.87 g Ca(NO3)2·4 H2O L-1. Total N supplementation rate was 30, 80, 120, and 160 mg-N kg-1
soil per pot for 45, 75, 105, and 135-day samples, respectively. Nitrogen fertilization occurred
before weighing for watering in order to account for the moisture from the fertilizer solution. For
the day 45 and day 135 harvest, fertilization was scheduled for the day before or day of harvest
and pots scheduled for destructive sampling were not fertilized.
5.3.5 Harvest and Soil Collection
At 45, 75, 105, and 135 days post-planting, above-ground biomass was removed from
every pot (including those which were not destructively sampled for soil collection) by cutting
with scissors at 2.5 cm above the soil surface, weighed, then dried at 60°C (140°F) under forced
air for a minimum of 3 days and weighed again. When presented, cumulative growth refers to the
sum of all cuttings taken from a sample, i.e. the day 105 cumulative growth is the sum of
cuttings taken at 45, 75, and 105 days. Destructive soil samples were taken from ¼ of the initial
pots, and large root masses collected by hand after removing and breaking the soil up by hand.
The soil was sieved through an 8mm mesh to prepare it for wet sieving for mean-weight
diameter analysis. This facilitated further additional collection of smaller roots. Soil was left to
air dry for 2 days before bagging for storage. Photos of soil sieving and root collection are
provided in the Appendix C to this chapter.
Roots and the biomass extending to 2.54 cm above the soil, collected during soil sieving
was rinsed free of soil and as much mulch and biochar as possible, though roots had often grown
into particles of both. Fresh weight of root samples was collected after a final DI water rinse,
then dried alongside the above-ground mass at 60°C.

5.3.6 Chemical and Physical Characterization
Soil organic matter, exchangeable metals, pH/buffer pH, and total soluble salts were
analyzed by A&L Great Lakes Laboratories (Fort Wayne, IN). Soil organic matter content was
determined by loss-on-ignition (LOI) using the NRC13-221 method (Combs and Nathan, 1998),
i.e. 2hrs at 360C after drying at 105C. A conversion factor of 0.98 was used to equate the LOI to
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SOM as determined by Walkely-Black titration. Exchangeable metals were determined by
Mehlich-3 extraction and quantification with a Thermo iCAP 6000 ICP-OES (Warncke and
Brown, 1998), with CEC determined by summation of Ca, K, Mg, and Na, and estimation of H
by buffer-pH measurement. Soil-pH and buffer-pH and soluble salts were determined using
method the NRC13-221 method (Soil and Plant Analysis Council Inc., 1992; Watson and Brown,
1998). Briefly, pH was measured in a 1:1 soil:water solution with a pH-electrode. Buffer-pH is
measured with an pH-electrode after the soil was mixed in a 1:1 soil:water solution plus an
additional 1 part Sikora buffer (Sikora, 2006). Soluble salts were measured with a conductivity
probe in a 1:2 soil:DI water solution following 5min of shaking (The Council on Soil Testing and
Plant Analysis, 1992).
Inorganic-N was determined via 1:10 soil:1M KCl solution extraction by shaking on a
rotary shaker at 120 RPM for 60min. This was followed by filtering through Whatman #2 filters.
Microbial activity in the filtrate was suppressed with chloroform, and samples were stored at 4°C
prior to analysis. Inorganic-N was quantified via colorimetric determination on a Discrete AQ2
Analyzer (SEAL Analytical, Wisconsin), with methods equivalent to USEPA 350.1 and 353.2
for NH4+-N and NO3--N, respectively (EPA, 1993a; b).
Soluble organic C was analyzed by extracting stored, air-dried soil with 10mM CaCl2 in a
1:2 soil/solution ratio and shaking for 24hrs at 120 rpm. Following shaking, samples were
filtered using Whatman #42 filters and were frozen at -20C until analysis. Samples were thawed
immediately prior to analysis on a Shimadzu TOC-Vws using the UV-persulfate oxidation.
Organic carbon was determined by subtraction (TC-IC=DOC). Additionally, this procedure was
initially performed on undried samples of soils from the day 135 sample day immediately
following collection of above and below-ground plant matter.

5.3.7 Mean Weight Diameter Analysis by Wet Sieving
The development of stable soil aggregates was analyzed by wet sieving with slaking. This
analysis was conducted at the National Soil Erosion Laboratory of the Agricultural Research
Services of the USDA in West Lafayette, IN using a modified Yoder protocol (Kemper and
Rosenau, 1986). In short, 25g of air-dry soil was loaded into the top of stacked 2.0mm, 1.0mm,
500 µm, and 250 µm sieves, (10, 18, 75, and 60 mesh, respectively). This stack was repeatedly
submerged in a DI water column for 5 min at 30rpm. Soil aggregates remaining on a sieve were
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destroyed and rinsed into a pre-weighed pan. Sand, gravel, and organic particles retained on the
sieve were then rinsed into a separate pan as a non-aggregate correction. Soil aggregate samples
collected from the 2.0mm mesh screen of biochar and mix treatments were also re-sieved at
1.00mm to collect additional biochar particles of this size which floated during wet sieving, and
these were added to the 1.0mm non-aggregate correction pan. The water from the column was
also sieved through a 53 µm sieve and aggregates collected, but without a non-aggregate
correction. Pans were dried at 70⁰C in a forced-air drying oven and weighed for a final mass.
MWD diameter was calculated 𝑀𝑊𝐷 = ∑𝑛𝑖−1 𝑥𝑖 ∙ 𝑤𝑖 , where xi is the mean diameter of a size
fraction and w is the proportion of the soil sample that was retained in that size fraction.
5.3.8 Solvita Analysis for Microbial Activity
The Solvita rapid-CO2 burst test (Woods End Laboratories Inc., Mt. Vernon, ME) was
conducted by Brookside Laboratories (New Bremen, OH). This process used colorimetric
determination of CO2 evolution over 24hrs after a controlled re-wetting of air dried soil, and used
a digital color reader to analyze color development on a disposable probe (Goupil, 2014).
5.3.9 Plant Analysis
Plant total C and N content as well as total macronutrients and micronutrients were
analyzed on all collected above and below-ground biomass samples, except for day 135 aboveground mass for non-fertilized biochar (1 and 2%) and control samples. These produced
insufficient sample masses for both tests, and the 3 blocks of the same treatment were
homogenized into a composite sample for C/N and nutrients analysis. Day 135 above-ground
biomass samples from unfertilized mix samples (1 and 2%) were not combined for C/N analysis
but were combined for other nutrient analyses.
Plant samples were ground to pass a 1 mm screen prior to analysis. Plant C and N and
total soil N was analyzed using a CElantech Flash EA elemental analyzer (Lakewood, NJ). For
other plant nutrients analysis, 0.10g of above-ground plant material was digested at 120C for
2hrs with 5 ml concentrated HNO3 in a temperature-controlled heating block. Below-ground (i.e.
root) mass digestion was extended to 3hrs. After cooling, samples were brought to a volume of
12.5 ml and filtered with 0.2 µm syringe filters to remove suspended solids. A sub-samples of
the digestate was further diluted 1:8 with Nanopure DDI water to a final volume of 10ml,
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including. including 0.1 ml of 10ppm yttrium (Y) solution (for a final Y concentration of 0.1
ppm Y in each sample). Inorganic element concentrations in this final solution were quantified
with a Shimadzu 9820 ICPE.
The HNO3 based open-vessel digestion was within 10 % of Ca concentrations and within
5 % of Mg concentrations for microwave digestion using HNO3. Traditional open-vessel
digestion using H2SO4 for 30min at 200 ⁰C followed by H2O2 for 30min showed 84-86 % of Ca
and K observed with the open-vessel nitric acid method using with ICP-MS quantification.
In instances where samples were insufficient to provide 0.10g for analysis, samples were
digested with 2.5ml HNO3 for 2hr (or 3 for below-ground mass) at 120C. After bringing to
12.5ml final volume, samples were only diluted by 1:4 with Nanopure DI water, but otherwise
analyzed identically, including a final concentration of 0.1ppm Y.
5.3.10 Statistical Analysis
This experiment was a randomized complete block design, blocked by replicate, and
repeated for 4 sampling dates. A total of fourteen treatment combinations were used:
fertilized/unfertilized by 3 C-types (mulch, mix, or biochar) by two C rates (1 or 2%, plus
fertilized and unfertilized controls. Each treatment combination was prepared in triplicate and
this experimental design was then repeated for four destructive sampling dates at 45, 75, 105,
and 135 days post-planting. Samples were blocked spatially by replicate, and placement of
treatments and sampling days were randomized within blocks.
Results were analyzed initially with a 4-factor factorial ANOVA including C-type, C-rate
(1 or 2%), fertilizer/lime treatment, and time. Control pots were excluded from this as including
them would unbalance the ANOVA. Except for OM, fertilizer/lime treatment was the dominant
effect for every variable. Additionally, for many nutrients fertilized and non-fertilized treatments
had non-homogenous variances. Where fertilizer/lime treatment was the dominant effect in 4factor ANOVA, the fertilized treatment and the unfertilized treatment were run as separate 3factor ANOVA tests. For all statistical tests, all variables were initially tested with the Box-Cox
regression (Box et al., 1978) to inform the need to transform variables prior to analysis. Only soil
organic matter, which was run as a 4-factor ANOVA, was run as a log-transformed variable.
Where significant interactions occurred among time, C type, and C rate in the 3-way
tests, ANOVA was rerun as a 7-way comparison among the 6 rate/type combinations and the
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control within each sampling time. This was conducted to allow treatment means to be compared
using Tukey’s HSD means separation test. Unless otherwise specified, significance for all
statistical tests (i.e. F-tests in ANOVA and t-tests for Tukey’s mean separation) was assigned
where p<0.05.
Soluble salts measurements among unfertilized treatments and buffer pH measurements
for both fertilized and unfertilized often showed 0.0 standard deviations among replicates,
making statistical analysis invalid. These values are reported, but without statistical analyses.
Soluble salt levels in the fertilized treatment were tested statistically. Because some unfertilized
treatments had to have all three reps composited to produce enough sample to analyze for plant
nutrients, day 135 treatments for all samples were not included in statistical testing. All betweenday tests for unfertilized plant tissue nutrient concentrations were made among days 45-105.
SAS 9.4 (SAS Institute, Cary, NC) was used for all analyses, and in particular PROC MIXED
was used for the 3 and 4 factorial tests, while PROC GLIMMIX was used for the 7-way tests.
5.4 Results
5.4.1 Soil Organic Matter
Each amendment type and rate resulted in a different SOM concentration, but there was
no effect of fertilization or interaction of fertilization with amendment type or rate. Treatment
effects did not differ across the four sampling days, thus means were averaged over sampling
days. Control treatments had 17 g OM kg-1. At 10 g kg-1 added-C, SOM was 27, 23, and 18 g kg1

for mulch, mix, and biochar treatments, respectively. When the amendment rate was doubled,

SOM was 37, 28, and 20 g kg-1 for the same treatments.

5.4.2 CEC
Cation exchange capacity was affected by fertilization and C type, but C rate had no
effect. Cation exchange capacity differed for fertilized and unfertilized treatments. If fertilized,
mulch treatments had a CEC of 18.7 cmolc kg-1 soil, which was significantly higher than the
control, mix, and biochar treatments, which did not differ (17.9, 18.0, and 17.6 cmolc kg-1,
respectively). Cation exchange capacity of unfertilized treatments were lower than that of
fertilized treatments. The mulch treatments had a CEC of 14.4 cmolc kg-1 soil, which was
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significantly greater than mix (13.7 cmolc kg-1 soil), biochar (13.7 cmolc kg-1 soil) and control
(14.1 cmolc kg-1 soil) treatments, which did not differ.
5.4.3 Soil pH and Soluble Salts
All fertilized treatments had greater pH on day 45 (6.5 – 7.0) than the initial pH following
liming (6.2) (Table 5.2). The mulch 2%, mix 2%, biochar 2%, and control treatments increased
between day 45 and day 135, though all treatments did have a final recorded pH of 7.0 on day
135. There were never significant differences between the fertilized C type/rate treatments on
any given sampling day.
The unfertilized treatments were near the initial soil pH of 5.4 (pH ranged from 5.2 - 5.7)
(Table 5.2). The pH of the mulch 2% treatment was significantly greater than the mulch 1% and
biochar 1% treatments on day 45. The soil pH of the mulch 2%, both mix treatments, and the
biochar 2% treatment were also greater than the control treatment’s soil pH on day 45. This
hierarchy was generally maintained throughout the experiment. On day 75 the mix 1% has a pH
lower than that of the mulch 2% (but not different from any other treatment), and the mulch 1%
had a pH lower than each of the 2% treatments. On day 105, only the mix 2% had a pH greater
than the mulch 1% and biochar 1%, though the mulch 2%, biochar 2%, and both mix treatments
were still greater than the control. Finally, on day 135 each 2% treatment was greater than the
mulch 1%, biochar 1%, and control treatments. The mix 1% treatment was greater than the
mulch 1% but not the control. The pH of the mulch 1% decreased between day 45 and day 135,
while the pH of the biochar 2% and control increased over the same period.
Soluble salt levels among fertilized treatments were 1.3 and 1.2 dS m-1 for the mulch 2%
and mulch 1% treatments respectively and were not significantly different from one another. The
EC of the mulch 2% treatment was significantly greater than both mix treatments (1.1 dS m-1 for
both 2 and 1%) and both biochar treatments (1.0 and 1.1 dS m-1 for 2 and 1 % respectively). No
other significant differences existed among fertilized treatments, and no treatments were
different from the control (1.2 dS m-1). There was no significant change over time in the
observed soluble salts levels or in the differences among treatments. Among unfertilized
treatments, only mulch 1 and 2% and mix 2% showed soluble salt concentrations consistently
above the detection limit of 0.1 dS M-1, (0.2, 0.2, and 0.1 dS m-1, respectively).
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Table 5.2: Soil pH
Day 45
Day 75
Day 105
Day 135
Mulch 1%
6.7
6.7
7.0
7.0
Mulch 2%
6.5 b
6.7 ab
6.8 ab
7.0 a
Mix 1%
6.7
6.8
6.9
7.0
Fertilized
Mix 2%
6.5 b
6.8 a
6.9 a
7.0 a
and Limed
Biochar 1%
6.7
6.8
7.0
7.0
Biochar 2%
6.7 b
6.8 ab
6.8 ab
7.0 a
Control
6.6 b
6.9 ab
6.8 ab
7.0 a
Mulch 1%
5.4 BCab
5.4 DCa
5.4 BCab
5.3 Cb
Mulch 2%
5.7 A
5.7 A
5.5 AB
5.6 A
Mix
1%
5.5
AB
5.5
BCD
5.4
AB
5.5 AB
Unfertilized
and
Mix 2%
5.5 AB
5.7 AB
5.6 A
5.6 A
unlimed
Biochar 1%
5.4 BC
5.5 BCD
5.4 BC
5.5 B
Biochar 2%
5.5 ABb
5.5 ABab
5.6 ABab
5.6 Aa
Control
5.2 Cb
5.3 Dab
5.3 Cab
5.4 BCa
Different capital letters indicate significant differences (p<0.05) among C rate and type
treatment combinations within a sample day. Different lowercase letters indicate
significant differences (p<0.05) within a treatment and among different days. Letters
are omitted for clarity where differences were not significant.
5.4.4 Mean Weight Diameter
Within the fertilized treatments, the MWD of all C rate/type treatment combinations did
not differ from the control or from one another until 105 days (Fig. 5.1). At 105 days, the mulch
2% treatment had greater MWD than both mix treatments and biochar 1% at 105 days, and
greater than mix 1% and biochar treatments at 135 days. No other differences between
treatments were significant.
Within unfertilized treatments, increasing diameter of water-stable aggregates was
associated with increased additions of labile C. At 105 days, the MWD of the mulch 2%
treatment was greater than both biochars and the control, but not other differences existed among
treatments. . At 135 days the MWD of the 2% mulch and mix treatments were greater than the
control and biochar treatments, but only the mulch 2% treatment had greater MWD than the mix
and mulch 1% treatments These data suggest a synergistic effect between biochar/mulch.
Though mulch 1% and mix 2% had similar amounts of added labile C, mix 2% showed a greater
MWD at 135 days, though the difference was not statistically significant. Additionally, though
mulch 1% has more labile C than mix 1%, the observed MWDs were not different. The biochar
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1% treatment significantly suppressed MWD development at 75 days relative to the high MWD
observed in the unfertilized mulch treatments.
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Figure 5.1: Mean weight diameter of water stable aggregates in (A) fertilized and limed and
(B) unfertilized and unlimed soils from a former surface mine. Different capital letters
indicate significant differences among C rate and type treatment combinations within a
sample day (p<0.05). Different lowercase letters indicate significant differences within a
treatment and among different days (p<0.05). Letters are omitted for clarity where significant
differences did not exist.
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5.4.5 Solvita Evolved-CO2 Analysis
Among fertilized treatments, microbial activity was loosely associated with labile C inputs
(Fig. 5.2). The mulch 1 and 2% treatments had greater microbial activity when compared to the
control treatment, but only mulch 2% had greater activity than another added-C treatment (the
biochar 1%). No other differences existed among fertilized treatments.
Within unfertilized treatments, microbial activity was positively associated with labile C
additions, and the effect of labile C additions was enhanced when co-applied with biochar. The
mulch 2% treatment was greater than other unfertilized treatments, and mix 2% was greater than
mulch 1%, though they had similar labile C additions. The microbial activity of the mulch 1%
treatment was greater than the mix 1%, and both were higher than the biochar-only treatments.
Biochar-only treatments did not enhance microbial activity above the control.
Mulch 1%
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a
100
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b
abc

80

Mulch 2%

a

ab
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c
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d
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Control

60
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e

e
e
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0

Fertilized and limed

Unfertilized and unlimed

Figure 5.2: Evolved CO2 from day 135 soil samples following controlled rewetting of air-dry
samples. Different letters indicate significant differences among treatments within
fertilizer/lime treatments (p<0.05).
5.4.6 Releases of Soluble Organic Carbon
Water-soluble organic C concentrations were consistently greater in fertilized treatments
than in unfertilized treatments (Table 5.3). Large variations in WSOC concentration were
observed among fertilized treatments, but no significant differences were observed among
treatments on each sampling day or among days within a given treatment. Qualitatively, when

155
comparing C rate/type treatment combinations across all sampling days, mulch treatments
released less WSOC than other treatments and the control.
Among unfertilized treatments, the WSOC concentration in the mulch 2% treatment was
greater than all other treatments except mix 2%. The mix 2% treatment did have greater WSOC
concentrations than the mulch 1% treatment, demonstrating some synergistic effect between the
biochar and mulch. Only the mulch 2% had greater WSOC concentrations than the control
treatment on day 45. On later days fewer differences were observed among treatments.
Concentrations of WSOC in the mulch 2% treatment continued to be greater than in either
biochar treatment from day 105 and day 135 samples or the control treatment on day 135. There
were no differences among treatments on sample days 75-135.

Table 5.3: Water soluble organic carbon (WSOC) from 24hr DI-water extractions.
Water-soluble organic C (mg-C kg-1-soil)
Treatment
45 Days
75 Days 105 Days
135 Days
Mulch 1%
89
93
93
89
Mulch 2%
80
80
83
83
Mix 1%
118
80
147
121
Fertilized &
Mix 2%
78
106
95
110
limed
Biochar 1%
152
61
104
97
Biochar 2%
82
59
106
124
Control
177
109
180
142
Mulch 1%
22
CDb
47 a
31 ABab
44 ABb
Mulch 2%
45
Aa
55 a
49 Aa
70 Aa
Mix 1%
33
BCa
25 a
25 ABa
36 Ba
Unfertilized
Mix 2%
36
ABa
54 a
36 ABa
45 ABa
& unlimed
Biochar 1%
16
Db
27 a
13 Bb
15 Bb
Biochar 2%
25
BCDa
20 ab
14 Bb
14 Bb
Control
25
BCDa
27 a
23 ABa
22 Ba
Different capital letters indicate significant differences among C rate and type
treatment combinations within a sample day (p<0.05). Different lowercase letters
indicate significant differences within a treatment and among different days (p<0.05).
Letters are omitted for clarity where significant differences did not exist
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5.4.7 Biomass
5.4.7.1 Above Ground Biomass
Among fertilized treatments, all treatments with added C had significantly less aboveground growth than the control between planting and day 45 (Fig. 5.3A). Relative to the control
treatment, increased labile C additions (i.e. a greater amount of mulch, though the biochar would
contribute a small amount to the mix treatments) resulted in greater suppression of growth.
Growth among biochar treatments was also lesser than the control, but the 2% biochar treatment
did not have a greater effect than the 1% treatment.
Between 45 and 75 days, only mulch 1 and 2% had lesser growth than the control, and
only mulch 2% had lower growth than the other C amended treatments. The productivity of all
treatments with labile C increased between the 0-45 day and 105-135 day growing periods, but
growth in both biochar treatments and the control decreased over the same period.
The reduced growth among all treatments with added labile C in the 0-45 days growing
period is reflected throughout the cumulative production of biomass (Fig 4A). While cumulative
production from these treatments remains qualitatively lower throughout the experiment, the
difference between labile C containing treatments and the biochar and control treatments does
not increase, except for the mulch 2% treatment. By the day 135 harvest, only mulch 2% is
significantly lower than the biochar and control treatments, but is not significantly lower than
other treatments with added labile C.
Among unfertilized treatments, labile C additions supported greater growth of aboveground biomass between planting and day 45 than either biochar treatments (Fig. 5.3B). Over
this period, the mulch 1% treatment did not exceed the control, but the other labile C containing
treatments did. Biomass growth decreased steadily for all unfertilized treatments between the 045 day growing period and the 105-135 day growing period, and all treatments produced
significantly less aboveground biomass in the last growing period than the first. However, both
mulch treatments experienced a smaller decrease in growth than other treatments between the 045 day growing period and the 105-135 day growing period than other treatments. Growth in the
control treatment was greater than either biochar treatment or the mix 2% during the day 45-75growing period. Aboveground biomass growth in the control decreased in subsequent growing
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periods but was still greater than growth in the biochar treatments and the mix 1% treatment
during the day 75-105 growing period.
Cumulative above-ground biomass growth among unfertilized treatments was greater in
labile C containing treatments than in biochar-only treatments at every sampling day (Fig. 5.4B).
By the end of the experiment, only cumulative growth in the mulch 2% treatment was greater
than other labile C containing treatments. However, as a result of the increased biomass -growth
by the control during the day 45-75 and 75-105 growing periods, cumulative production of
above-ground biomass by the control treatment was not different from labile C containing
treatments (except the mulch 2% treatment) on day 135.
5.4.7.2. Root Biomass
While root growth in fertilized treatments was qualitatively similar to above ground
biomass production (Fig. 5.5A), differences between treatments only occurred among 105 and
135-day samples. At 105 days, the mulch 2% treatment had lower root biomass than the mix 2%
treatment. On day 135, the mulch 2% root biomass was lower than the biochar 2% treatment. No
other treatments were different from each other on either of these days. Additionally, except for
the mulch 2% treatment, all treatments increased root biomass between 45 and 135-day samples.
Among unfertilized treatments, the control demonstrated increased root biomass at day
75 when compared with day 45 (Fig. 5.5B). All treatments except mulch 1% demonstrated
significantly lower root biomass on day 105 than on day 75, though this day 105 root biomasses
were not significantly different from day 45 or day 135 for the biochar 1% treatment and the
control.
Differences among treatments within each day were consistent across all days with mulch
and mix treatments having greater root biomass growth than biochar and control treatments. The
mulch 1 and 2% and mix 2% treatments consistently had the highest root biomass on any given
sample day, and biochar 1% consistently the lowest or not significantly different from the lowest
biomass. The biochar 2% treatment and the control, however, fluctuated from lowest root
biomass (both on day 105, control on day 45 and biochar 2% on day 75) to either the highest root
biomass (the control on day 135) or on par with the higher producing mix and mulch treatments.
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5.4.8 Nutrient Supply, Deficiency, and Toxicity
5.4.8.1 Observable Signs of Nutrient Deficiency or Toxicity in Plants, and Qualitative
Assessments of Productivity
Among fertilized treatments, many treatments showed plants with chlorosis at the leaf tip
during the 0-45 day growing period. This sometimes progressed to necrosis which advanced
down the leaf tip. Chlorotic spots often preceded the full chlorosis, and chlorosis was not
restricted to interveinal areas. These symptoms were largely absent in biochar-only and control
amendments, and more common in treatments with labile C additions. In some plants, the first
leaves died entirely. Qualitatively, the number of plants affected and the degree of the symptoms
increased with increasing labile C additions. All plants in all fertilized treatments developed
tillers, and these symptoms were not different among the initial emergent leaf or any tillers.
While tillers were not counted, qualitatively mulch 2% treatments did develop fewer tillers than
other fertilized treatments. Because no stem nodes were observed in fertilized plants, fertilized
plants were probably maintained at a Feeke’s stage 4 or 5. Unfertilized soils are more difficult to
classify; the development of tillers in the unfertilized mulch samples may classify them as
Feeke’s stage 4 or 5, but nutrient conditions were too limited for other unfertilized samples to
develop tillers, perhaps limiting them to Feeke’s stage 1.
These symptoms decreased, both in the number of affected plants and the severity of
chlorosis/necrosis, following the day 45 harvest and continued to decrease throughout the
experiment. After day 45, very few plants showed fully necrotic leaves, and at the day 135
harvest no plants had necrotic leaf tips, though chlorosis was still observed. Throughout the
experiment, symptoms continued to be worse in treatments with greater labile C additions. These
symptoms were distinct from the observed Thrips damage and necrotic edges resulting from
damage due to harvest. Necrotic edges from harvest damage remained square and did not
develop a leaf point and had no chlorosis between the necrotic and living tissue.
Similar deficiency treatments were observed among unfertilized treatments at the day 45
harvest, including the advancing necrosis/chlorosis on leaf tips and older leaves dying entirely.
Unlike fertilized treatments, mulch 2% (and to a lesser extent mulch 1%) treatments appeared to
be less affected by these symptoms, but this may be a consequence of greater biomass production
relative to other unfertilized treatments. With the exception of some mulch 2% treatments, no
plants developed tillers. Unfertilized treatments were noticeably stunted when compared to
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fertilized treatments. The stunting increased throughout the experiment, but chlorotic and
necrotic leaf tips decreased both in number and severity over the same time.
5.4.8.2 Plant Nutrient Concentrations
Plant tissue concentrations for Ca, Fe, K, Mg, Mn, S, and Zn were never toxic nor
insufficient, regardless of C type/rate treatment combination for both fertilized and unfertilized
soils. Further discussion of these nutrient tissue concentrations is available in Appendix C.
5.4.8.2.1 Boron Tissue Concentrations
On day 1, all fertilized treatments except the control exceeded the 30 mg kg-1 toxicity
threshold for B in wheat (Snowball and Robson, 1991) and all mulch and mix treatments had
higher B tissue concentration than the control (Fig. 5.6A). No tissue harvested at 75 days had
toxic B levels, and all treatments showed decreases in B tissue levels from day 45. Except for the
control, all treatments showed decreases on each subsequent harvest day, and the rate of decrease
between days also decreased through the experiment.
Among unfertilized treatments, B tissue concentration was > 30 mg kg-1 for mulch 2% on
all days, mulch 1% at day 45 and day 75, and mix 2% at 75, 105, and 135 days (Fig. 5.6B).
Boron tissue concentration was generally greater in treatments with greater labile C additions,
but differences were not always significant. B tissue concentration in the mulch 2% treatment
was greater than all treatments except mulch 1% on day 45 and mix 2% on day 105.
Additionally, while most treatments showed decreases in B tissue concentration between each
subsequent harvest day, differences among days were not always significant (e.g. mulch 2%) and
did not always decrease uniformly through the experiment (e.g. mix 2%).
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Figure 5.6: Boron tissue concentrations in above-ground mass of winter wheat harvested from
a post-mining soil following addition of fertilizer and lime (A) or neither (B) and the labeled
high-C amendments. Different capital letters indicate significant differences among treatments
and within each sampling day (p<0.05), and lowercase letters denote significant differences
among days and within an individual treatment (p<0.05). Unfertilized treatments at day 135
could not be tested as some reps had to be combined to have testable sample weights;
unfertilized treatments are only tested among days 45-105. Letters are also omitted for clarity
where significant differences did not exist.
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5.4.8.2.2 Nitrogen Tissue Concentrations
Nitrogen tissue concentration in fertilized treatments (Fig. 5.7A) was consistently below
the sufficiency threshold of 34g kg-1 set for Feeke’s stage (FS) 5-6 (Snowball and Robson,
1991). In the day 45 samples, the mulch 2% and mix 2% had greater N tissue content compared
with the biochar 2% and control, but there were no differences among fertilized C rate/type
treatments on other days. Only the mix 2% treatment varied among days, decreasing from the
27.5 g N kg-1 on day 45 to a low of 22.4 g N kg-1 on day 105.
Among the unfertilized treatments, mulch 1 and 2%, mix 2%, biochar 1%, and the control
treatments were near or exceeded 30 g N kg-1. However, N tissue concentration in all unfertilized
samples decreased between day 45 and 75, and between day 75 and 105. By day 105 most labile
C containing samples (mulch 1 and 2% and mix 2%) had greater N tissue concentrations than
biochar and control treatments and mix 1%. Qualitatively, each treatment had greater N content
on day 135 than day 105, though statistical comparison was not possible as reps had to be pooled
to meet minimum sample sizes for analysis.
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Figure 5.7: Nitrogen tissue concentration in above-ground mass of winter wheat harvested
from a post-mining soil following addition of fertilizer and lime (A) or neither (B) and the
labeled high-C amendments. Different capital letters signify significant differences among
treatments and within each sampling day (p<0.05), and lowercase letters denote significant
differences among days and within an individual treatment (p<0.05). Unfertilized treatments
at day 135 could not be tested as some reps had to be combined to have testable sample
weights; unfertilized treatments are only tested among days 45-105. Letters are also omitted
for clarity where significant differences did not exist.
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5.4.8.2.3 Phosphorus Tissue Concentrations
Phosphorous tissue concentration among fertilized samples (Fig. 5.8A) was always above
the critical level of 3 g P kg-1 for FS 4-6 (Snowball and Robson, 1991), except for the control
treatment on day 75. Phosphorus tissue concentration was greater in both mulch treatments and
the mix 2% treatment when compared to the biochar and control treatments on day 45. However,
P tissue concentration for all fertilized treatments except biochar 1% decreased between day 45
and day 75 and did not increase throughout the remainder of the experiment. Additionally, after
day 45 the only difference among the C rate/type treatments was between the mulch 2% and
control treatments on day 105.
Among the unfertilized samples, all treatments were below the 3 g P kg-1 critical level
though day 105 (Fig. 5.8B), and except for the mix 2% treatment all samples were deficient (< 2
g P kg-1) on day 45. There were no differences among C rate/type treatments on day 45 and 75.
All treatments except mix 2% and the control had increased P tissue concentration increased
between day 45 and 75 and mix 1% and both biochar treatments also increased between day 75
and 105 samples. On day 105, both mix and biochar treatments had greater P tissue
concentration than the mulch 1% and control treatments. The P tissue concentration in the
biochar 2% treatment was also greater than the mulch 2% treatment. Qualitatively, all treatments
increased P tissue concentration between day 105 and day 135.
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Figure 5.8: Phosphorous tissue concentration in above-ground mass of winter wheat harvested
from a post-mining soil following addition of fertilizer and lime (A) or neither (B) and the
labeled high-C amendments. Different capital letters signify significant differences among
treatments and within each sampling day (p<0.05), and lowercase letters denote significant
differences among days and within an individual treatment (p<0.05). Unfertilized treatments
at day 135 could not be tested as some reps had to be combined to have testable sample
weights; unfertilized treatments are only tested among days 45-105. Letters are also omitted
for clarity where significant differences did not exist.
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5.4.8.2.4 Sodium Tissue Concentrations
Sodium tissue concentration among fertilized treatments (Fig. 5.9A) was greatest in the
mulch treatments on day 45. The Na tissue concentration of the mulch 2% and biochar 2%
treatments increased between day 45 and day 75, though the increase in the mulch 2% was 10x
greater than the increase in the biochar 2% treatment. The Na tissue concentration of the mulch
2% did not decrease over the course of the experiment and was greater than all other fertilized
treatments through day 135. The mulch 1% treatment Na tissue concentration was only greater
than the control on day 75 and day 105, and both biochar treatments on day 105. All other
treatments, on each day, were not significantly different.
Sodium tissue concentration among unfertilized samples (Fig. 5.9B) decreased
significantly between day 45 and 105 for both mulch, both mix, and the control treatments. On
day 45, the mix 1% treatment had greater Na tissue concentration than the mulch 2% and both
biochar treatments, but other treatment comparisons were not different. On day 75, the Na tissue
concentration of the mix 1% treatment was greater than all other treatments, which were not
different from one another. There were not differences among unfertilized C rate/type treatments
on day 105, and qualitatively the Na tissue concentration of all treatments increased between day
105 and 135.
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Figure 5.9: Sodium tissue concentration in above-ground mass of winter wheat harvested
from a post-mining soil following addition of fertilizer and lime (A) or neither (B) and the
labeled high-C amendments. Different capital letters signify significant differences among
treatments and within each sampling day (p<0.05), and lowercase letters denote significant
differences among days and within an individual treatment (p<0.05). Unfertilized treatments
at day 135 could not be tested as some reps had to be combined to have testable sample
weights; unfertilized treatments are only tested among days 45-105. Letters are also omitted
for clarity where significant differences did not exist.
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5.4.8.2.5 Copper Tissue Concentrations
Copper tissue concentration exceeded the toxic 18 mg Cu kg-1 toxicity level (FS 3-10,
Snowball and Robson, 1991) for all fertilized treatments on all sampling days, except the control
treatment on day 45 and 75 and the biochar 1% on day 45 (Fig. 5.10A). On day 45 the Cu tissue
concentration of the mix 2% treatment was greater than the biochar 1% and control treatment.
On day 75, the mulch 2% treatment had a greater Cu tissue concentration that the control. There
were no other differences among C rate/type treatments on any day. The Cu tissue concentration
of the mix 2% treatment did decrease between day 45 and day 105, while the biochar 1%
increased between day 45 and day 75.
Copper tissue concentration among unfertilized treatments exceeded the 18 mg Cu kg-1
toxicity level for all treatments though day 105, with the exception of the control treatment
which fell below 18 mg Cu kg-1 on day 105. The biochar 1% treatment had a greater Cu
concentration than the mulch 2% on day 45. Both mulch treatments and the mix 2% treatment
had greater Cu concentration than the mix 1% treatment on day 75, while the mix 2% treatment
also had greater Cu tissue concentration than the biochar 1% and control treatments. The Cu
tissue concentration of the mulch 1% and biochar 1% treatments decreased between day 45 and
day 105. All treatments except the biochar treatments demonstrated a qualitative increase in Cu
concentration between day 105 and day 135.
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Figure 5.10: Copper tissue concentration in above-ground mass of winter wheat harvested
from a post-mining soil following addition of fertilizer and lime (A) or neither (B) and the
labeled high-C amendments. Different capital letters signify significant differences among
treatments and within each sampling day (p<0.05), and lowercase letters denote significant
differences among days and within an individual treatment (p<0.05). Unfertilized treatments
at day 135 could not be tested as some reps had to be combined to have testable sample
weights; unfertilized treatments are only tested among days 45-105. Letters are also omitted
for clarity where significant differences did not exist.
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5.4.8.3 Total and Soluble Inorganic N in Soils
5.4.8.3.1 Total Soil N
In the fertilized day 45 samples, total soil N in the mulch 2% and mix 2% treatments
(Fig. 5.11A) was greater than the mix 1%, control, and both biochar treatments. The total soil N
in the mulch 1% treatment was also greater than the biochar 1% and control treatments. By day
75 and through the remainder of the experiment, the mulch 2% treatment had greater soil N than
all other treatments. Total soil N in the mix 2% remained greater than the biochar 1% and control
treatments throughout the experiment, but there were no differences between the mix 2% and the
mulch and mix 1% treatments on day 75 and 105.
Similar to the fertilized samples, the mulch 2% treatment consistently had the greatest
total soil N among all treatments, though on day 75 and 105 it was not different from the mix 2%
treatment. Below these treatments, total soil N generally decreased among treatments in the order
mulch 1% > mix 1%, biochar 2% > biochar 1% > control. Differences among these treatments
were not consistently significant among day. For example, total soil N in the mulch 1% and mix
2% treatments was only different on day 75. Differences between mulch 1% and mix 1% were
only significant on day 105. Both biochar treatments and the control were consistently the
treatments with the lowest total soil N, but the biochar 2% treatment was only different from the
mulch 1% on day 135 and was never different from the mix 1%. The biochar 2% treatment has
greater total soil N than the control through day 105, but these treatments were not different on
day 135.
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Figure 5.11: Total N in soil samples following winter wheat growth from a post-mining soil
following addition of fertilizer and lime (A) or neither (B) and the labeled high-C
amendments. Different capital letters signify significant differences among treatments and
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where significant differences did not exist.

174
5.4.8.3.2 Soluble NO3--N in Soil Samples
Among fertilized treatments, the mulch 2% treatment had greater extractable NO3--N than
all other treatments on day 45, 105, and 135 (Fig. 5.12A). On day 75, the mulch 2% had greater
NO3--N than all treatments except mulch 1%, and the mulch 1% treatment also had greater NO3-N than the mix 2%, biochar 1%, and control treatments. The soluble NO3--N of the mix 1%,
biochar 1%, and control treatments increased between day 45 and day 105, and the mulch 1%
increased between day 45 and day 135. The soluble NO3--N of the biochar 2% decreased
between day 45 and day 75 but returned to day 45 levels on day 105.
Among unfertilized soils, both mulch treatments and the control had greater NO3--N than
other treatments on day 45 (Fig. 5.12B), and the biochar 2% treatment had greater NO3--N than
the mix 1%. On day 75, the soluble NO3--N was greatest in the mulch 2%, second greatest in the
mulch 1%, and greater in both biochar and the mix 2% treatments than in the mix 1% and control
treatments. On day 105, the only the mulch 2% treatment had greater soluble NO3--N than
biochar 2% and control treatments, but the other treatments were not different from one another.
Finally, on day 135 the soluble NO3--N in the mulch 1 and 2% was again greater than all other
treatments. The mix 2% and biochar 2% were also greater than the control. With the exception of
the mix treatments, the soluble NO3--N of all unfertilized treatments decreased between day 45
and day 135. The soluble NO3--N of the mix 1% increased between day 75 and day 105, but
neither of these days were different from day 45 and day 135.
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Figure 5.12: Soluble NO3--N in soil samples following winter wheat growth from a postmining soil following addition of fertilizer and lime (A) or neither (B) and the labeled high-C
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5.4.8.3.3 Soluble NH4+-N in Soil Samples
Among fertilized treatments, there were no difference in soluble NH4+-N among C
type/rate treatments on day 45 and day 75 (Fig. 5.13A). On day 105, the mulch and mix 2%
treatments had greater soluble NH4+-N than the mix 1%, biochar 1%, and control treatments.
Additionally, the biochar 2% had greater soluble NH4+-N than the mix 1% and control
treatments. On day 135, the mulch 1% and control treatments had greater soluble NH4+-N than
the mix 1% treatment, but there were no other differences among the C type/rate treatment
combinations. The soluble NH4+-N of the mulch 2% treatment decrease between day 45 and day
75 but did not change after that. The NH4+-N mix 1% and control treatments decreased between
day 75 and 105, but no other differences existed among days for those treatments. Finally, the
soluble NH4+-N of the biochar 1% treatment increased between day 45 and day 75, then
decreased again on day 105.
No differences existed in the soluble NH4+-N among the unfertilized C type/rate
treatment combinations on any day (Fig. 5.13B). No treatment showed decreased soluble NH4+N between day 45 and day 75, but the mix 2%, the biochar 2%, and both mulch treatments
decreased between day 75 and day 105. The mulch 2% and biochar 2% then increased the
soluble NH4+-N between day 105 and 135. The soluble NH4+-N mix 2% treatment decreased
between day 75 and day 135.
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5.5 Discussion
5.5.1 Changes in Critical Soil Properties
5.5.1.1 Soil pH
The amount of lime supplied to the fertilized/limed treatments (3.12g CaCO3 kg-1 ovendry soil) would be equivalent to 4.8 tons of a 65 RNV lime per acre. This exceeds the
recommended lime application for the pH and buffer pH of the starting soil and targeting a pH of
6.5 (Ritchey et al., 2016), even though this is beyond the observed soil pH at the time of sowing
(6.2). This difference may be due to delayed solubilization of the CaCO3, though this was not
expected due to the finely ground nature of the CaCO3 powder and its chemical purity (as
compared to agricultural grade lime) (Ritchey et al., 2016). Alternatively, residual acid
generation, for example from weathering pyrite (Nakamura, H; Sato, S; Hara, 1994), may have
reduced the apparent effectiveness of the lime. Because the soil pH continued to increase from
sowing to day 45 to a soil pH of 7.0 (Table 5.2) by the end of the study period, the delayed action
of CaCO3 may be further supported.
In fertilized soils, the soil pH approached the upper range of nutrient availability at the
final observation on day 135. Further increases in soil pH would be expected to decrease nutrient
availability particularly availability of Cu, Fe, Mn, P, and P (Ritchey et al., 2016). Risk of highpH induced nutrient unavailability would be decreased in real world applications given the
reduced pH of natural rain water compared with the DI water used this experiment, as well as the
effect of some leaching of basic cations below the vadose zone.
Soil pH in unfertilized soils was low enough to suppress availability of Ca, K, Mg, N, P,
and S (Brady and Weil, 2008), though the soil was deficient in most of these nutrients. Higher
soil pH conditions were not associated with increased biomass production. For example, the
mulch 1% treatment had a lower pH on day 135 when compared to the mix 1% treatment, yet the
mulch 1% had greater growth over the day 105 – day 135 growing period. While nutrient
immobility due to low pH conditions may have contributed to the generally poor growth and
development of winter wheat seen throughout the unfertilized treatments, it does not appear to be
an adequate explanation for differences in productivity among unfertilized C type/rate treatment
combinations.
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5.5.1.2 Soil Organic Matter
While all C treatments did increase SOM significantly above control, the increases in
SOM can be reasonable ascribed entirely to the C added as the treatment. The mulch 1 and 2%
treatments increased SOM by 10 and 20 g SOM kg-1 soil respectively, and without influence
from to the fertilized/non-fertilized treatment status. In the mix treatments, which received 5 and
10 g SOM kg-1 soil mulch for the mix 1 and 2% treatments respectively, SOM exceeded the
control by 6 and 11 g SOM kg-1 soil respectively. Biochar only treatments exceeded the control
by 1 and 3 g SOM kg-1 soil respectively. This observed contribution of biochar to LOIdetermined SOM is not unexpected; aside from sorption and retention of native or mulchgenerated OM by the biochar (Wardle et al., 2008; Eykelbosh et al., 2015), a minor portion of
Aemerge is labile under oxidative heating.
This experiment was limited in its time frame, i.e. a single simulated growing season.
Contributions in longer time frames would include SOM from decaying root matter following a
winter die off of annual crops. This would have favored accumulation of SOM in fertilized
treatments, where root matter was 2 to 3 times greater than in unfertilized treatments (Fig. 5.5).
Previously, root mass has been estimated to contribute 180-230 g kg-1 of its mass to SOM
(Larson et al., 1972; Barber, 1979); using this higher estimate the fertilized and unfertilized
biochar 2% treatments (the treatment with the greatest root mass growth on day 135 for both
fertilized and unfertilized treatments) contribute an additional 1.2 and 0.2 g SOM kg-1 soil
respectively.
Additionally, no appreciable loss of SOM was observed throughout the experiment.
Mineralization of added C can be a major impediment to increasing SOM through addition of
high-C amendments (Price and Voroney, 2007). However, limiting the experiment to a simulated
growing season may again limit the ability of this experiment to adequately judge the potential
for SOM mineralization. SOM or added C may take a circuitous route to the atmosphere, first
being taken up into microbial mass and being mineralized only after microbial mass is turned
over by predation. The data available do not allow the distinction between microbial mass and
SOM (both of which would be labile under the LOI procedure).
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5.5.1.3 Water Stable Soil Aggregate Development and Microbial Activity
Development of MWD (Fig. 5.1) in fertilized and unfertilized treatments did not follow
expectations, either among C-type/rate treatment combinations or when qualitatively comparing
fertilized and unfertilized. The initial hypothesis was that SSA development would be
proportional to the amount of added labile C in both fertilized and unfertilized treatments, as the
decay of this added-C would supply humified materials which could then participate in organomineral interactions. Additionally, it was hypothesized that MWD development would be greater
under fertilized treatments (as compared to unfertilized treatments) due to increase root biomass
and increased microbial activity. This increased microbial activity would also increase the
humification of added labile C and increase microbial exudates and extra-cellular structures.
The differences between SSA development in fertilized and unfertilized treatments
observed are now hypothesized to result from differences in microbial activity, specifically in
which microbial communities were activated. Microbial activity, in a bulk comparison, was
higher in fertilized soils, with few significant differences among C treatments (Fig. 5.2).
Differences among C treatments in microbial activity among fertilized treatments were also not
clearly related to differences among treatments in MWD on day 135, even considering
qualitative differences among treatments. This is contrasted with unfertilized treatments, where
differences among treatments in microbial activity and day 135 MWD are closely related,
differing only in the degree of significance between treatments.
An explanatory hypothesis is that the nutrient-limited and lower-pH conditions in the
unfertilized treatments promoted the development of fungal communities, particularly those of
arbuscular mycorrhizal fungi (AMF). Previous studies have linked the degree of AMF activity
closely to the development of SSA (Duchicela et al., 2013). These fungi would have been outcompeted in the nutrient-rich and favorable pH conditions in the fertilized soil by more quickly
reproducing but less robust microbes. The quickly-reproducing microbes then did not produce
the same type or amount of extracellular products or exudates which promote SSA development,
e.g. glomalin (Singh et al., 2013), despite the overall greater activity. Confirmation of this
hypothesis would require direct characterization of the soil microbial communities, (e.g. 16/18s
rRNA subunit analysis or microbial DNA extraction) alongside observations of SSA
development.
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5.5.1.4 Biochar and Microbial Activity
Added labile C did have some effect in fertilized soils; the mulch 2% treatment did have
greater microbial activity than the biochar 1% and the control. However, the general effect of
fertilizer and lime in increasing observed microbial activity was greater than the differences
among treatments. Synergistic effects between biochar and mulch in the fertilized mix treatments
were not observed.
Among unfertilized soils, biochar increased the effect of added labile C in supporting
microbial activity (Fig. 5.2). While the mulch 2% still had the greatest microbial activity, activity
in the mix 2% treatment was significantly greater than that of the mulch 1% treatment, despite
having the similar quantities of added labile C. The mechanism for this synergistic effect is not
clear in this experiment. Increased microbial activity following biochar amendments is normally
attributed to supply of labile C, supply of other nutrients, or environmental support such as
protection from predation and increased water holding capacity (Lehmann et al., 2011).
5.5.1.5 Cation Exchange Capacity
This experiment was not able to determine whether these high-C amendments
significantly affected or promoted the development of CEC in the soil. The time frame may have
been too short, or the method of CEC determination may have been insensitive. CEC was
determined by summation of Mehlich-3 extractable cations, and observed CEC closely follows
supply of cations from fertilizer and/or amendments. Particularly, all fertilized treatments have
greater CEC than all unfertilized treatments, and all mulch treatments had greater CEC than
other treatments within fertilized or unfertilized soils. Because CEC in soils is partially derived
from pH dependent (i.e. variable charge) exchange sites, the greater pH in fertilized soils may
contribute to greater CEC in the fertilized soils. However, this could not explain the difference
among C type/rate treatments within fertilized or unfertilized soils. In fertilized soils, both mulch
treatments have greater CEC than other treatments, but do not have higher pH. Among
unfertilized soils, CEC was also greater in the mulch treatments when compared with other
treatments (except the control), but pH was different between the 1 and mulch 2% treatments,
both had a pH greater than the control, and neither mulch treatment had pH higher than all of the
mix and biochar treatments despite those treatments lower CEC.
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The insensitivity of CEC to the rate of C supplied suggests that total supply of cations
mattered less than the accessibility of those cations. The greater microbial availability in mulch
treatments would allow for cations to be released more quickly as the mulch was humified.
Additional cations supplied by the mulch component of mix treatments may have been sorbed by
the biochar component but given the qualitative difference between mix and biochar treatments it
may be that the difference was not detectable in this experiment.
5.5.2 Soluble Organic Carbon
Fertilized treatments always had greater WSOC concentrations than any unfertilized
treatment, suggesting fertilizer and lime amendments influenced WSOC availability (or
generation) more than C amendments. Certainly, the increased root/plant growth of the fertilized
treatments would be expected to increase root exudate production (Barber and Martin, 1975), as
would greater degradation of native and added C expected with the greater microbial activity in
fertilized treatments Conversely, cationic bridging is essential to the binding between WSOC and
soil particles. In natural soil systems, exchangeable Ca2+ plays a unique role in supporting the
adsorption of WSOC, and increased exchangeable Ca2+ is associated with increased WSOC
sorption (or decreased desorption in controlled experiments) (Reemtsma et al., 1999; Setia et al.,
2013). Both supply of Ca2+ (Table 5.1) and extractable Ca2+ (Appendix C) were greater in
fertilized soils. This would be expected to have decreased observed WSOC in fertilized soils,
though the effect would be less than the increased production of WSOC. While soil pH can also
govern WSOC sorption by inducing pH dependent exchange sites to be anion-exchanging, this
effect is generally observed below the pH observed in this experiment (Reemtsma et al., 1999).
There is some evidence to suggest that, among unfertilized soils, labile C additions
increased WSOC concentrations over that observed in biochar-only or control treatments.
However, these differences among unfertilized treatments were not consistently observed over
sampling days. Only the mulch 2% treatment had significantly greater WSOC concentrations
than biochar-only treatments in day 105 and 135 samples and greater than the control treatment
on days 135.
Actual risk of metal transport from these amended soils cannot be predicted from the
observed WSOC concentrations. Soil pH, soil mineralogy and texture, soil hydrology, climate,
and land use can all affect not only how much WSOC is produced but the ability of WSOC to
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chelate metals and the probability of that chelated metal being transported off-field (Benedetti,
2006; Li et al., 2009). Release of WSOC in both fertilized and unfertilized soils on any day fell
within the range of WSOC releases which have been observed on other agricultural fields
(Vinther et al., 2006; Xu et al., 2013). This experiment did not show the use of high-C
amendments or commercial fertilizer and lime to be an inordinate risk in producing or supplying
WSOC that may solubilize metals. However, whether this amount of WSOC is acceptable will
have to be made on a case-by-case basis.
5.5.3 Above and Below Ground Biomass Growth
5.5.3.1 Differences among Fertilized Treatments
5.5.3.1.1 Boron Toxicity
The reduction of above-ground biomass in labile C containing treatments (i.e. mulch and
mix treatments) (Fig. 5.3A, Fig. 5.4A) indicates that the use of these amendments may limit the
productivity of agricultural activities on soils undergoing rehabilitation. However, B toxicity is
the most likely cause of depression of biomass production on day 45 and was caused primarily
by the experimental conditions. The plant tissue symptoms described in section 3.9.1 closely
match B toxicity (Snowball and Robson, 1991), including advancing non-interveinal chlorosis
preceded by chlorotic spots. Figure 14 provides a reinterpretation of B plant nutrient levels in
fertilized treatments (Fig. 5.6A), suppression of biomass production on day 45 (Fig. 5.3A), and
total B supplied by fertilizer and C amendments (Table 5.1). Comparing Fig. 5.14C and Fig.
5.14B shows a clear relationship between increased B tissue levels and decreased biomass
growth. Except for the control, all treatments exceeded the toxic 30 mg B kg-1 biomass. Due to
removal in harvested biomass, no treatments showed toxic B levels on day 75 or later harvest
days (Fig. 5.6A), and by the 105-135 days growing period no treatment had significantly
different growth (Fig. 5.3A). Only the mulch 2% had significantly smaller cumulative growth at
day 135, and this suppressed growth may be related to retardation in root mass development
(Fig. 5A) which continued to be significantly smaller in mulch 2% than in other fertilized
treatments.
The most significant risk factor for B toxicity in any crop is high soil B test values (Fig.
5.14), whether natural in origin or introduced through anthropogenic means (Schnurbusch et al.,
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2010) though compost has been previously identified as a risk factor for B toxicity (Purves and
Jean Mackenzie, 1974). Ameliorating soils with high B is difficult, and successful agricultural
use of high B soils generally focuses on using B tolerant crops and varieties (Hall, 2016).
Tolerance among varieties of any species appears to vary more than between species
(Schnurbusch et al., 2010). These data support viewing labile, high C amendments as a source of
labile, available B. Figures 5.14A and 5.14B show total added B from all treatments (fertilizer
and added C source) to closely parallels B tissue concentrations, and both are inversely
proportional to day 45 aboveground biomass (Fig. 5.14C). If B (or other potentially toxic
essential elements) are present in considerable quantities in the added high C amendments,
forgoing or reducing supplemental fertilization of B would be a safer strategy until specific
lability of the B is known.
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5.5.3.1.2 Nitrogen Deficiency
All fertilized treatments showed deficient N tissue concentrations (Fig. 5.7A), regardless
of C rate or type. Differences among treatments on day 45were not aligned with differences in
biomass growth among treatments; the control and biochar 2% treatments had the lowest N
concentration but greatest biomass growth in the 0-45 day growing period.
5.5.3.1.3 Phosphorus Deficiency and Sodium and Copper Toxicity
Because no treatments demonstrated P tissue concentrations below the critical levels of
2.3 g P kg-1 (Fig. 5.9A), except the control on day 75, there is no reason to suspect P
immobilization or unavailability as having caused the reduced biomass production in the
mulched, mix, and biochar samples. Salt toxicity was considered a potential cause of plant
damage, due to the non-leaching design and the use of fertilizer, lime, and cation-leaching high C
amendments. However, measured soluble salts (from a 2:1 extract method) never exceeded 1.3
dS m-1. Comparing the 2:1 extraction and saturation-paste methods is difficult: specific ion
concentration, mineralogy, soil texture, and sodium content of the soil can all affect the degree of
comparability between these methods (Rhoades et al., 1999; Khorsandi and Yazdi, 2007; Sonon
et al., 2015). Some sources place 1.3 dS m-1 of the mulch 2% treatment from the 2:1 method well
below the 6 dS m-1 limit (Khorsandi and Yazdi, 2007) which is known to significantly impacting
wheat or wheat grass productivity (without considering hybrid-specific characteristics) (Ogle and
Loren, 2010). Others place it within the “moderate salinity” category which may impact plant
productivity (Gartley, 2011; Sonon et al., 2015). Regardless of the exact placing of the 1.3 dS m1

, the soil salinity does not demonstrate a significant relationship with the suppression of biomass

productivity. Specifically, there is a reduction of the production deficit between the control and
the mulch treatments over time, yet salinity remains unchanged over time. Additionally, the mix
and biochar treatments biomass production (above ground) is significantly less than the control,
despite the control having near or toxic saline levels and the biochar treatments having less-than
toxic levels.
Plant tissue Na concentration in fertilized treatments similarly did not support salt
damage as the major limit to production among fertilized soils (Fig. 5.9A). This primarily comes
from counter-intuitive Na concentrations in above ground biomass. On day 45 when biomass
production in the mulch 2% treatment was the most suppressed (when compared with the control
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treatment) the Na level was not greater than the mulch 1% and qualitatively was the closest to
other treatments it would be throughout the experiment. The tissue Na concentration for the
Mulch 2% was greater than other treatments on days 75, 105, and 135, when the difference in
biomass production between the mulch 2% treatment and other treatments is less than on day 45,
or even non-significant.
All fertilized samples exceeded the Cu toxicity limit of 18ppm on all days, which is a
limit established for wheat younger than those harvested (Snowball and Robson, 1991) (Fig.
5.10A). Generally, the toxic limit is lesser at later growth stages. While a generalized toxicity
may have reduced across the board production, daily Cu levels and the degree to which they
exceeded the toxic limit are not well associated with biomass production. In fertilized treatments
on day 45, the mix 2% treatment had a greater Cu concentration than the mulch 2% treatment,
despite the Mulch 2% treatment having lower growth. On Day 75, the mulch 2% treatment has a
greater Cu toxicity level than on day 45 yet had greater growth.
5.5.3.2 Differences among Unfertilized Treatments
Differences among unfertilized treatments may be best explained by general nutrient
insufficiency, especially N. Daily biomass production decreased consistently each growing
period (Fig. 5.3B), though treatments which included mulch amendments decreased less between
growing periods and produced greater mass during the day 105 through day 135 growing period.
This is most likely due to the nutrient supply from the mulch (Table 5.1) though the full supply
of these nutrients was likely only available as the mulch degraded. The mulch 2% treatment had
much greater cumulative biomass production than all other treatments by day 135 as well (Fig.
5.4B). While plant tissue N concentrations began near sufficiency levels (Fig. 5.7B), N tissue
concentrations steadily decreased for all treatments, again with mulch-containing treatments
having higher N concentrations in proportion to the total mulch supplied.
Tissue N concentrations did increase slightly throughout the experiment, specifically
between day 105 and day 135, however this is more likely due to the decrease in overall biomass
production over that period.
Phosphorus tissue concentrations were insufficient for a majority of the experiment (Fig.
5.8B) and may have contributed to poor tiller production and generalized reduction in biomass
production among unfertilized treatments. However, P tissue concentration increased between
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day 45 and day 75, and again between day 75 and day 105 in both mulch, mix 2%, and both
biochar treatments despite decreasing biomass growth for all treatments. On day 105, the biochar
2% had greater P tissue concentration than the mulch 1 and 2% treatments, despite having lower
biomass production. In fact, the biochar 2% and mix 1% surpassed the minimum critical P tissue
concentration. Because of this mis-match between productivity and P tissue concentration, it is
unlikely that P was the principal limiting nutrient. Instead, P tissue concentration increased
precisely because biomass production was reduced by some other nutrient limitation, such as N.
Toxicity from B (Fig. 5.6B), Na (Fig. 5.9B), and Cu (Fig. 5.10B) are similarly unlikely to
have had a controlling influence on biomass productivity in unfertilized treatments. Tissue
concentrations of B most consistently and most severely surpassed the toxicity level in the most
productive treatments, i.e. the mulch 1 and 2% and mix 2% treatments. Similarly, the mix 1%
treatment had greater Na tissue concentration than either the mulch 2% or biochar 2% treatment
on day 45 despite have the greatest biomass production between 0 and 45 days. Additionally,
plant tissue Na concentrations in the mix 1% treatment were greater than all other C type/rate
treatments on day 75, but the biomass production has biomass production more similar to the
treatments with lower Na tissue concentration when compared to day 45. On any sample day, the
greater biomass producing treatments (i.e. mulch and mix treatments) either had Cu tissue
concentrations which were not different from the lesser producing biochar and control treatments
or had Cu concentrations higher than those less productive treatments.
5.5.4 Nitrogen Immobilization
Immobilization of N and its subsequent unavailability to plants is a well-known risk
when high C amendments are applied to soil (Machrafi et al., 2008; Deenik et al., 2011). Supply
of N through weekly fertilizer additions (30 – 40 mg N kg-1 soil per growing period, Table 5.1)
was equivalent to 67-90 kg N ha-1 and exceeded the recommended fertilization rate of 123 kg N
ha-1 (Vitosh et al., 1995). The degree to which N immobilization captured fertilizer-added NO3-N is difficult to identify; total soil N appears to be predominantly determined by native soil N
and N added in the high-C amendments. Had the entirety of the fertilizer added N been
accumulated in the soil it would amount to less than 20% of total soil N in the mulch 2%
treatment. However, the 0.16 g N kg-1 the fertilizer supplied by day 135 is much greater than the
difference between the unfertilized and fertilized mulch 2% treatments on day 135.
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Immobilization of fertilizer-supplied N did not completely restrict plant access to N, as
uptake of N by fertilized treatments was much greater than in unfertilized treatments. Similar
ranges of N tissue concentration between the fertilized and unfertilized treatments, so the greater
biomass production of the fertilized treatments would have required a greater total mass of N. Of
course, it should be noted that interplays between fertilizer-supported microbial uptake of N and
microbial population increases may have altered cycling of organic N, also affecting plant and
microbe-available N.
For the most part, soluble inorganic N (both NO3--N and NH4+-N, Fig. 5.12 and 13
respectively) showed no obvious association with total soil N (Fig. 5.11), above-ground biomass
productivity (Fig. 5.3 and 4), or N tissue concentration (Fig. 5.7) and is not useful in identifying
the extent of N immobilization. Likewise, total soil N did not demonstrate any consistent
correlation or qualitative relationship with the sum of NH4+-N and NO3--N, (data not shown).
The fertilized mulch 2% treatment did have much greater NO3--N than other fertilized treatments
on day 75, 105, and 135. Whether this represents decreased uptake (caused by reduced root
biomass, Fig. 5.5) or increased availability of mineralized organic N present from the mulch is
untestable with this data set.
5.6 Conclusion
Stakeholders who must attempt agricultural production (e.g. operators of surface mines
who are required to demonstrate a return previous use to achieve the return of their bond)
(Surface Mining control and Reclamation Act - 30 CFR 25, 1977) may find difficulties in
meeting production requirements when high C amendments have recently been applied.
Particularly, N immobilization may limit the productivity of crops despite fertilizing well past
normal agronomic rates. Boron toxicity should be a lower risk for real-world applications, as
more precise adjustment of fertilization rates can be used to accommodate B supply from the
high C amendments. Additionally, there was little appreciable short-term increase in aggregate
development despite the increase in SOM and microbial activity. Based on this experiment, there
are no apparent short-term benefits to the increase expenditures (i.e. acquisition, application, and
potentially extra fertilizer) which accompany high C amendment application for rehabilitation
applications where production requirements are necessary.

190
Obviously, no one who must demonstrate agricultural productivity would consider
operating without supplemental nutrients. However, applications where minimal intervention and
maintenance is a deliberate objective, application of high C amendments (particularly mulch) can
supply increased SOM and development of stable soil aggregates in the long term. Matching this
high-C amendment with more robust plants, i.e. leguminous cover crops or native grasses may
provide additional erosion control with greater ground cover and more developed root mass than
was seen in the unfertilized wheat in this experiment.
Where agricultural productivity must be demonstrated, there is a third option suggested
by these data. Anytime a field is restored to the targeted grade but cannot be placed into
production immediately, e.g. when it is too late to start a crop, application of high C amendments
and the maintenance of a limited nutrient environment may provide the increased soil aggregate
development observed in the unfertilized treatments. It would also give the soil time to turn over
the high C amendments and reduce the risk of N immobilization before the next growing season.
This experiment does not provide evidence for short-term advantages from biochar.
While biochar was observed to increase the effectiveness of mulch application in unfertilized
systems (i.e. the increased biomass, microbial activity, and MWD of mix 2% when compared
with the mulch 1% 1 treatment), more mulch was even more effective. Considering that,
generally, mulch is much less expensive than biochar, no short-term rehabilitation strategy would
benefit from using biochar over a cost-equivalent portion of mulch.
Further research is necessary to extend the underlying findings of this study. For both
fertilized and unfertilized soils, the fate of the added-C in longer time frames, especially whether
any portion of that added C will be a sustainable or stable portion of the soil carbon pool. Among
fertilized soils, further research is needed to understand the fate of the microbial mass and
increased root mass following a winter kill or other disruptive environmental events, and whether
this will increase SOM and prompt increased stable aggregate development. Among unfertilized
soils, the major question is whether the new stable soil aggregates are persistent in scenarios
where the soil is maintained in an unsupported state (i.e. no additional amendments, particularly
fertilizer and lime) and where the soil is later converted to agricultural production. Despite these
unknowns, the use of high C amendments and particularly more labile C amendments show
potential in supporting rehabilitation of soils in highly disturbed landscapes where agronomiclevel nutrient supplementation can be delayed.
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CHAPTER 6. CONCLUSIONS AND FUTURE RESEARCH

6.1 Summary
Biochars have the potential to increase agronomic productivity and efficiency, sequester
carbon, and reduce the mobility and availability of contaminants in the soil. None of these effects
are guaranteed. The incredible variation in the chemical and physical structure of biochars, and
complexity of the interaction between soils and those diverse biochars, complicate predictions of
any one biochar’s behavior. In order to inform the decisions of farmers, conservationists, and
other stakeholders in whether to invest in biochar, greater predictive relationships between the
physical and chemical structures of biochars and the environmental performance of those
biochars must be established. Underlying that objective is a greater understanding of the
diversity of the structure of biochars, and the origin of that structure in the transformation of
feedstocks during pyrolysis.
To that end, this body of work demonstrated divergent thermal stability in an oxidative
atmosphere among a group of biochar with high stability in an inert atmosphere. Assessments of
aromatic and aliphatic C structures confirmed a consistent pathway of pyrolytic transformation;
across feedstock taxa and variation in pyrolysis production temperatures, biochars with high inert
stability were more transformed by pyrolysis. None of these structural associations held a
predictive relationship with oxidative stability (CHAPTER 2).
To support greater characterization of the aromatic C structures, principal component
analysis (PCA) was used as a method of spectral decomposition of Raman spectra. An index of
aromatic order, created using the PC scores of the first two principal components of the Raman
spectra, proved comparable to measures of aromatic condensation in predicting the pyrolytic
transformation of multiple taxa. This provides the opportunity for aromatic order characterization
from Raman which avoids the assumptions and pitfalls of peak-fit modeling normally used in
spectral decomposition (CHAPTER 3).
Under the scenario that application of biochar and liquid fertilizer may be co-applied to
reduce both wind-loss of biochar and heavy vehicle traffic on threatened soils, we also studied
the sorption and retention of liquid fertilizer by biochars in controlled laboratory conditions
(CHAPTER 4). Biochars equalized to a lower pH prior to nutrient sorption showed some
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increased retention of P and K, but retention was largely unaffected by biochar pH. Release of
inorganic compounds from the biochar was significantly affected by biochar pH. Under
simulated rainwater leaching, biochars retained considerable quantities of the loaded nutrients.
Nutrient management plans may need to be adjusted to prevent production losses when biochar
and liquid fertilizer are co-applied.
Finally, the ability of biochar to support rehabilitation of a degraded post-mining soil was
compared to compost or a mix of biochar and compost (CHAPTER 5). In both fertilized and
unfertilized soils, biochar alone did not support aggregate development, production of wheat
biomass, or microbial production above a control treatment. In unfertilized soils, biochar
enhanced the effect of mulch in supporting aggregate development and microbial activity but
was not as effective as a greater quantity of mulch.
6.2 Future Investigations
Further investigation into the structural underpinnings of the oxidative stability of
biochars is essential to enabling optimization of biochar production for C sequestration. Highly
pyrolyzed biochars may not be highly stable. Given the successful use of oxidative stability in
predicting environmental stability of biochar C in other studies, being able to choose feedstocks
and adjust pyrolytic methods to produce these oxidation-stable C components will be a key
component of any carbon sequestration strategy which utilizes biochar. Additionally,
characterization of aromatic C in biochars using Raman provides information distinct from but
complimentary to measures of aromatic condensation. Aromatic condensation and Ramanidentified aromatic order were not observed to be exactly proportional; greater condensation did
not always equate to greater order. Further research is needed to understand the taxa and
pyrolysis-dependent factors which can reduce order despite high aromatic condensation.
This work demonstrated that biochars may retain nutrients from liquid fertilizer even
under simulated rainwater leaching. Any biochar that will be used in this or similar applications
should be characterized individually in conditions mimicking the anticipated fertilizer
application (i.e. the nutrient blend and concentrations). What remains to be understood is the rate
at which these sequestered nutrients become available through continued rainwater leaching,
colonization with plant roots and microbes, or competition with other ion-exchanging surfaces in
the soil. Additionally, ion exchange is insufficient to explain the total retention of nutrients;
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identification of which other mechanisms are active and the relative importance of each
mechanism to nutrient retention will further enable comprehensive nutrient management plans.
The promise of biochar in supporting the rehabilitation of degraded soils, or enhancing
marginal or threatened soils, is the root of all biochar science. In this body of work, we found
biochar was either not an effective amendment (in fertilized soils) or could enhance the effect of
mulch (in unfertilized soils) in restoring soils, but this experiment was limited in its time frame.
The effect of biochar soil aggregation, organic matter accumulation, or microbial activity in
longer time frames is less well understood. Similarly, amassing experiments in soils of different
mineralogy, under different management and climates, and using different biochars/mulches is
needed to allow the construction of predictive models of soil rehabilitation. These predictive
models will then allow the economical and environmentally useful application of
biochar/soil/management combinations which have not been empirically tested.
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APPENDIX A. SUPPORTING AND SUPPLEMENTAL DATA
REGARDING THE APPLICATION OF PRINCIPAL COMPONENT
ANALYSIS TO THE CHARACTERIZATION OF AROMATIC
STRUCTURES IN BIOCHARS WITH RAMAN SPECTROSCOPY

A1. Sensitivity of Raman spectra to ash and aliphatic components of biochar
The resonant enhancement of sp2 C associated vibrational modes in Raman spectroscopy
is well established (Ferrari, 2007), and for this reason it is generally assumed that inorganic and
aliphatic constituents of biochar have no detectable influence on the Raman spectrum. This study
tested whether that assumption is maintained in biochars where inorganic and aliphatic moieties
are a majority (or large plurality) of the constituents of a biochar. Biochars 2, 9, 10, 13, and 18
were chosen initially based on high ash content as determined by proximate analysis (21, 45, 33,
49, and 56% ash respectively) and on differences in the type of inorganic constituents expected
following acid-digestion/ICP-OES quantification (data not shown) (Fig. A1). Biochars 9 and 18
also had the greatest lability of their non-ash components of any of the biochars (48 and 70%
volatile matter after correcting the proximate analysis for moisture and ash content).
Gross trends among the FTIR spectra of these biochars confirmed differences among
these selected biochars in the types of inorganic constituents present and in the degree of
aliphitcity (Fig. A1). Some degree of convolution of the Si-O and PO4 bands were observed in
each of the biochars. However, in the #9 biochar the character of this spectral region was
controlled by high intensity of the PO4 band, while the Si-O band intensity was the dominant
component in the #18 and #13 biochars. The #9 biochar also had an identifiable quartz band. The
#10 and #2 biochars had considerably lower intensity in these bands.
Biochars #9 and #18 also had greatest intensity in both of the overlapping aliphatic CH2
and carbonate stretching bands (1510 - 1450 cm-1). Both biochars also demonstrated the sharp
peak at 875 cm-1 which is characteristic of carbonates (Farmer, 1974; Socrates, 2001),
distinguishing the contribution of carbonates from the aromatic C-H out-of-plane deformations
also active in that region and confirming the greater presence of carbonates in the #9 and #18
biochars relative to the other biochars. All biochar had some activity in the 1510-1450 cm-1
carbonate band.
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There are no differences in the Raman spectra which coincide with the observed
differences in inorganic bands (PO4, CO3, Si-O) in the FTIR, nor were there any differences in
the aliphatic skeletal C-C Raman band which coincided with differences observed in the
aliphatic CH2 FTIR bands. Intensity in the CH2 bending mode in the Raman did coincide with
the greater intensity of the corresponding band in the FTIR. However, this region also overlaps
with the A1 band (Fig. 1, Table A1). Both decreases in the intensity of the A1 have been
documented with temperature, and the elimination or transformation of aliphatic C is expected as
pyrolysis proceeds (Keiluweit et al., 2010; Smith et al., 2017). Without other evidence of the
influence of aliphatic C on the Raman spectra, this band (1460–1400 cm-1) should be assigned to
the A1 band and the aromatic structures known to be active. The assumption that aliphatic and
inorganic constituents do not influence the Raman signature, even when they are the majority of
a biochar’s components, is upheld in this sample set.
In Smith et al., 2016, the effect of aliphatic substituents to aromatic clusters is discussed.
Specifically, the D and GG/GL modes are distributed to high and lower positions in the Raman
shift. This may result in the splitting of the G peak and the distribution of the D band into area
occupied by the S, DS, A1, and A2 bands with concurrent decreases in D band intensity. Although
these peaks are well distinguished in the first-principle simulation presented in Smith et al.,
2016, in a more complex spectra these are not expected to be distinguished from the other
aromatic defect bands identified by Smith. Still other researchers have assigned the defect bands
(specifically A1) to aliphatic modes/aliphatic C modifications to aromatic modes (Wu et al.,
2009; McDonald-Wharry et al., 2013). Both aromatic defects and aliphatic C in biochars is
expected to decreases with increasing degree of pyrolysis (i.e. increased temperature, increased
time or pyrolysis) (Yamauchi and Kurimoto, 2003; Keiluweit et al., 2012; Johnston, 2017), thus
we can expect intensity in the defect modes (i.e. S, DS, A1, A2) and intensity in the aliphatic
substituent-shifted modes in the same region to decreases along the same trend. Although these
data appear to confirm the basic assumption that sp3 C modes do not cause independent peaks in
the Raman spectra, we cannot distinguish the influence of aromatic defects and aliphatic
substituents to aromatic structure. Interpretations must reflect this ambiguity until experimental
data can be built to attempt to distinguish the two (if indeed it is possible).
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Figure A.1: Identification of inorganic and aliphatic material in biochars. FTIR (A) and Raman (B) spectra of five biochars selected
for high inorganic or high labile material content. All biochars share common a vertical scale in Raman and in FTIR, but spectra are
offset for clarity. Identified FTIR bands are drawn primarily from Socrates (2001) and Johnston (2017), with supporting data from:
Farmer (1974), White and Roth (1986), Johnston and Aochi (1996), Xu et al. (2000), and Russo et al. (2014). Identified Raman
bands are drawn from: Socrates (2001), Dračínský et al. (2011), Kaabar et al. (2011), Frost et al. (2013), and Mojarad et al. (2017)
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A2. Failed attempts to implement a many-peak peak fitting model in the vein of Smith et
al., 2016
This study, in its initial design, used a many-peak model based on Smith et al., 2016’s 10
peak model, using the bands described in that paper. (There was no attempt to accommodate sp3
C substituents in the model separately from the “defect” bands they overlap with). Immediately,
the C band was dropped and the GG and GL bands were unified into a single band GG/GL. The C
band was never useful for these biochars, and the GG and GL bands were never restricted to the
parameters established by Smith et al. 2016. They instead seemed to displace or compete with A2
and D’. Additionally, the Smith peak fitting method describe was inadequate, as it relied on
centering certain bands (DS, S, SL, D’) on the presence of shoulders not always recognizable in
the sampled biochars. The char used by Smith et al., 2016 was created from a pure cellulose,
with a shape significantly different from the average biochar spectra (Fig. A2), specifically the
defect modes are more distinct compared to their minor position as shoulders to D and G peaks
(e.g. the DS, A1, S bands on the D peak) (Fig. A1).

Figure A.2: Deconvolution of Raman spectrum of a cellulose char.
Reproduced from Fig. 12A from Smith et al., 2016, pg. 690 with permission
from Elsevier.
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As such, the author’s method for setting initial fitting conditions was mostly inapplicable.
Many models were tested with slightly different starting conditions, primarily the range to which
width and center position of each band were restricted. Most of these failed completely due to
non-sensical outcomes, e.g. the width of the DS peak being several hundred cm-1, or certain peaks
being entirely subsumed under other peaks e.g. the A1, DS, S, and SL peaks being reduced to
nearly zero intensity as the D peak expanded its width. It does not make sense to attempt to
interpret the meaning of a D band which entirely replaces other bands, since by definition within
the model the D band should be constrained within or near enough within the bands defined in
Smith et al., 2016.
The final attempted model, presented here, produced a fit for which the χ2 tolerance was
< 1x10-6 for all biochar samples, i.e. the model converged to a best fit. This was accomplished
within 2X106 iterations though most biochar samples took less than 1000 iterations to converge.
The peak fitting was conducted using the Peak Analyzer function of Origin Pro 9.4 (Originlab
Corp., Northampton, MA) on Raman spectra which had already been baseline corrected and
normalized as described in the main chapter, with fitting limited to 900-1800 cm-1. Initial peak
fitting parameters (Table A1) gave the GG/GL and D bands greater intensity with the intent of
providing these bands with precedence over other bands with which they may overlap,
(precedence was also given to the GL and D bands in the Smith et al., 2016 paper).

Table A.1: Initial Parameters for peak fitting
Full width at half
-1
Center position (cm )
maximum (cm-1) Amplitude†
Band Initial
Limits
Initial
Limits
Initial
SL
1025
975 1075
50
50
100
0.065
S
1150
1130 1200
60
50
100
0.2
Ds
1250
1250 1300
70
50
100
0.45
D
1361
1340 1380
60
50
100
0.8
A1
1450
1400 1460
50
50
100
0.4
A2
1520
1480 1550
40
15
50
0.35
G
1600
1570 1610
40
15
100
0.9
D'
1700
1650 1700
40
30
50
0.1
† Amplitude is in arbitrary units, all amplitudes had a minimum
bound of 0, and no maximum value
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This model failed because it did not return consistent trends among the biochar samples
and returned trends which were contradictory to the established literature. First, among biochars
with a low degree of pyrolysis, we would expect a high intensity and area of aromatic defect/sp3
substituent modes (A1, A2, Ds, D) (Yamauchi and Kurimoto, 2003; Ferrari and Basko, 2013;
Smith et al., 2017), and this is observed in most biochars with a low degree of pyrolysis as
represented by the fit spectra for biochar #21 (Fig. A3 A). The A1 and DS bands have greater or
equal intensity to the D band and greater area. Additionally, the A1 band is of greater intensity
and area than the A2. However, for the #18 and 19 biochars (represented by the #19 biochars in
Fig. A3 B), the D peak mode is significantly greater in intensity and area than either the A1 or DS
mode. This increases the intensity of the A2 band and decreases the intensity of the GG/GL band.
Although the D peak had slightly greater intensity in the #19 biochars than in the #21 biochar,
the peak fitting results suggest that the 6 C aromatic rings were far more limited in the aromatic
structure of the #21 biochar than in the #19 biochar.
Likewise, among biochars with middle-range of pyrolytic transformation (i.e.
predominantly 550 ºC biochars, those with prominent D peak shoulders) demonstrate
inconsistent peak fits. The spectra for the #12 spectra (Fig. A4 A) was the hypothesized peak fit.
The D band was dominant (i.e. has greater intensity) over the A1 and DS band, which are still
present as would be expected from the observed prominent D peak shoulders. However, only the
#12 spectra conformed to this hypothesis. Most spectra in the middle range of pyrolytic
transformation were more similar to the #16 biochar (Fig. A4 B). In this the A1 and DS bands had
slightly greater intensity (and greater width) than the D band. In some biochars of this type, the
A1 band had an intensity even greater when compared to the D band, while in other the A1, D¸
and DS had nearly identical intensities. Finally, the #1 biochar (Fig. A4 C) presented another fit,
in which the DS was the dominant peak among these three, though no other biochars
demonstrated similar spectra to the #1 biochar.
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Figure A.3: Sample and fitted spectra and substituent fitted peaks of #21 (A)
and #19 (B) biochar samples. Sample spectra are presented in bold grey lines,
while the fitted spectra are presented in solid black. Substituent spectra are
presented in dashed black lines, with accompanying band labels.
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Among the high-temperature biochars, demonstrated by the # 17 and #15 biochars (Fig.
A5 A and B), there was a consistent fit. However, as demonstrated in the two biochars there is a
consistent decrease among the GG/GL band when compared to other biochars. Though not
shown, this decrease was demonstrated in all 700 ºC biochars and the #11 biochar, i.e. the
biochars repeatedly demonstrated to have a high degree of aromatic condensation and aromatic
order. A decrease in the GG/GL band, which would imply a decrease in the total amount of sp2 C
present in the biochar, is not consistent with any reported literature regarding the transformation
of biochars in pyrolysis.
The primary function of these examples is to establish the unreliability of the peak fitting
model. Had the model returned relatively consistent differences among biochar samples, (e.g.
only variation in the relative intensity of the A1 and D bands,) the model may be trusted and the
trends defended as an accurate representation of the bands (though this would not be definitive
proof that the model returned an unequivocally true spectral decomposition). However, the
results as observed raise questions which cannot be answered with these data. Should the GG/GL
band have an intensity near the G peak maximum (as in the # 21 and #16 biochars, Fig. 4A and B
respectively) or be more convoluted with the D’ and A2 as in the other demonstrated biochars?
What is the appropriate relative intensity between the D, A1, and DS bands, i.e. should the D
band continue to be assumed to be the dominant band within the D peak in biochars pyrolyzed at
lower temperatures?
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Figure A.4: Sample and fitted spectra and substituent fitted peaks of #12 (A), #16 (B), and #1
(C) biochar samples. Sample spectra are presented in bold grey lines, while the fitted spectra
are presented in solid black. Substituent spectra are presented in dashed black lines, with
accompanying band labels.
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Figure A.5: Sample and fitted spectra and substituent fitted peaks of #17 (A)
and #15 (B) biochar samples. Sample spectra are presented in bold grey lines,
while the fitted spectra are presented in solid black. Substituent spectra are
presented in dashed black lines, with accompanying band labels.
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Additionally, the expanding body of literature on biochar has clearly established a trend
of increasing aromaticity and aromatic condensation with increasing pyrolysis temperature
(McBeath and Smernik, 2009; Wiedemeier et al., 2015). In light of that, it would be expected
that the D band would increase with some degree of uniformity among the biochars as the degree
of pyrolytic transformation increases. However, we see maximum D band intensity in either the
700 °C or the #18 and #19 biochars (pyrolyzed at 550 and 400 °C respectively).
The failure of this model in these biochars is believed to be due to the greater degree of
convolution among the bands present in these biochar samples when compared to the type of
biochars used in Smith et al.’s (2016) development of the peak fitting model (Fig. A2). In this
spectrum the SL, S, and DS bands are more distinct spectral features, and there is less ambiguity
within the biochar spectrum. Thus, the model was better able to arrive at a non-spurious fit, or
rather a fit which could be more confidently called non-spurious by the researchers.
Finally, there is the critique that additional manipulation of starting conditions and upper
and lower bounds may produce results more in line with that expected, or with more consistent
temperature dependent trends. Such an exercise, however, more than resembles seeking data
which confirm the hypothesis while ignoring countermanding evidence.

A.3 References
Dračínský, M., L. Benda, and P. Bouř. 2011. Ab initio modeling of fused silica, crystal quartz,
and water Raman spectra. Chem. Phys. Lett. 512(1–3): 54–59.
Farmer, V. 1974. The Infrared Spectra of Minerals. Minerological Society, London.
Ferrari, A.C. 2007. Raman spectroscopy of graphene and graphite: Disorder, electron-phonon
coupling, doping and nonadiabatic effects. Solid State Commun. 143(1–2): 47–57.
Ferrari, A.C., and D.M. Basko. 2013. Raman spectroscopy as a versatile tool for studying the
properties of graphene. Nat. Nanotechnol. 8(4): 235–46.
Frost, R.L., Y. Xi, R. Scholz, and C.A.D.B. Ribeiro. 2013. The molecular structure of the
phosphate mineral chalcosiderite-A vibrational spectroscopic study. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 111: 24–30.

213
Johnston, C.T. 2017. Biochar analysis by Fourier-transform infra-red spectroscopy. In Singh, B.,
Camps-Arbestain, M., Lehmann, J. (eds.), Biochar: A Guide to Analytical Methods. CSIRO
Publishing.
Johnston, C.T., and Y.O. Aochi. 1996. Fourier Transform Infrared and Raman Spectroscopy. p.
269–321. In Methods of Soil Analysis. Part 3. Chemical Methods. Soil Science Society of
America, Madison, WI.
Kaabar, W., S. Bott, and R. Devonshire. 2011. Raman spectroscopic study of mixed carbonate
materials. Spectrochim. Acta - Part A Mol. Biomol. Spectrosc. 78(1): 136–141.
Keiluweit, M., M. Kleber, M. a. Sparrow, B.R.T. Simoneit, and F.G. Prahl. 2012. Solventextractable polycyclic aromatic hydrocarbons in biochar: Influence of pyrolysis temperature
and feedstock. Environ. Sci. Technol. 46(17): 9333–9341.
Keiluweit, M., P. Nico, and M. Johnson. 2010. Dynamic molecular structure of plant biomassderived black carbon (biochar). Sci. Technol. 44(4): 1247–1253.
McBeath, A. V., and R.J. Smernik. 2009. Variation in the degree of aromatic condensation of
chars. Org. Geochem. 40(12): 1161–1168.
McDonald-Wharry, J., M. Manley-Harris, and K. Pickering. 2013. Carbonisation of biomassderived chars and the thermal reduction of a graphene oxide sample studied using Raman
spectroscopy. Carbon N. Y. 59: 383–405.
Mojarad, N., J. Tisserant, H. Beyer, H. Dong, P.A. Reissner, Y. Fedoryshyn, and A. Stemmer.
2017. Monitoring the transformation of aliphatic and fullerene molecules by high-energy
electrons using surface-enhanced Raman spectroscopy. Nanotechnology 28(16): 165701.
Russo, C., F. Stanzione, A. Tregrossi, and A. Ciajolo. 2014. Infrared spectroscopy of some
carbon-based materials relevant in combustion: Qualitative and quantitative analysis of
hydrogen. Carbon N. Y. 74: 127–138.
Smith, M.W., I. Dallmeyer, T.J. Johnson, C.S. Brauer, J.S. McEwen, J.F. Espinal, and M.
Garcia-Perez. 2016. Structural analysis of char by Raman spectroscopy: Improving band
assignments through computational calculations from first principles. Carbon N. Y. 100:
678–692.
Smith, M.W., B. Pecha, G. Helms, L. Scudiero, and M. Garcia-Perez. 2017. Chemical and
morphological evaluation of chars produced from primary biomass constituents: Cellulose,
xylan, and lignin. Biomass and Bioenergy 104: 17–35.

214
Socrates, G. 2001. Infrared and Raman Characteristic Group Frequencies - Tables and Charts.
3rd ed. John Wiley and Sons, West Sussex.
White, J., and C. Roth. 1986. Infrared Spectroscopy. p. 291–326. In Klute, A. (ed.), Methods of
Soil Analysis. Part 1: Physical and Minerological Methods. American Society of
Agronomy, Madison, WI.
Wiedemeier, D.B., S. Abiven, W.C. Hockaday, M. Keiluweit, M. Kleber, C. a. Masiello, A. V.
McBeath, P.S. Nico, L. a. Pyle, M.P.W. Schneider, R.J. Smernik, G.L.B. Wiesenberg, and
M.W.I. Schmidt. 2015. Aromaticity and degree of aromatic condensation of char. Org.
Geochem. 78: 135–143.
Wu, H., K. Yip, F. Tian, Z. Xie, and C.Z. Li. 2009. Evolution of char structure during the steam
gasification of biochars produced from the pyrolysis of various mallee biomass components.
Ind. Eng. Chem. Res. 48(23): 10431–10438.
Xu, W., C.T. Johnston, P. Parker, and S.F. Agnew. 2000. Infrared study of water sorption on
Na-, Li-, Ca-, and Mg-exchanged (SWy-1 and SAz-1) montmorillonite. Clays Clay Miner.
48(1): 120–131.
Yamauchi, S., and Y. Kurimoto. 2003. Raman spectroscopic study on pyrolyzed wood and bark
of Japanese cedar: Temperature dependence of Raman parameters. J. Wood Sci. 49(3):
235–240.
(Farmer, 1974; White and Roth, 1986; Johnston and Aochi, 1996; Xu et al., 2000; Socrates,
2001; Dračínský et al., 2011; Kaabar et al., 2011; Frost et al., 2013; Russo et al., 2014; Johnston,
2017; Mojarad et al., 2017)

215

APPENDIX B. SUPPLEMENTAL INFORMATION AND DATA
REGARDING NUTRIENT RETENTION AND RELEASE FROM
BIOCHARS FOLLOWING PH ADJUSTMENT AND IN SUBSEQUENT
SIMULATED RAINWATER LEACHING

B.1 Retention and Release of K+ during each Experimental Phase, and Implications for the
Importance of Ion Exchange in Retention
B.1.1 Retention and Release of K+ during pH Balancing/Nutrient Addition
The nutrient added Airex treatments retained more K+ under the pH 4.5 treatment (at
p<0.06) when compared with the pH N treatment (Table B1). Both Aemerge treatments released
K+ during pH balancing/nutrient addition, and while releases from the pH 4.5 treatment were
qualitatively greater, differences were not significant. Among non-nutrient added treatments, all
treatments from both Airex and Aemerge released K+ during pH balancing/nutrient addition.
Among non-nutrient added treatments, both biochars released more K+ from the pH 4.5
treatment. Aemerge released more K+ from the non-nutrient added treatments than from either
the nutrient added treatments, though all Aemergre treatments except the nutrient added pH N
released more K+ than the total content observed by aqua regia/ICP-AES analysis.
B.1.2 Retention and Release of K+ during Simulated Rainwater Leaching
Releases of K+ by the Airex nutrient added pH 4.5 treatment was significantly lower than
releases by the Airex nutrient added pH N treatment (Table B1), and both treatments released
less (cumulatively) than they retained during the pH balancing/nutrient addition. The Airex nonnutrient added pH N released more K+ than non-nutrient added pH 4.5, but both released less
than the nutrient added treatments. All 0reatments of Aemerge continued to release K+
throughout simulated rainwater leaching, with the nutrient added treatments releasing nearly
twice as much as the non-nutrient added treatments, but pH treatment did not have an effect on
cumulative K+ releases.

Table B.1: Retention, cumulative leaching, and sequestration of K+ by biochars
Added Retained † Leached Sequestered ‡
Sequestered ‡
--------------- mg kg-1-biochar ---------------- kg Mg-1 biochar -Nutrient-Added pH 4.5
37019
4672 a
1656 b
3016
3.63
Nutrient-Added pH 5.87 (pH N)
37019
3851 a
2270 a
1581
1.90
Airex
Non-nutrient added pH 4.5
-----1337 b
191 d
-1527
-1.84
Non-nutrient added pH 7.89 (pH N)
-----351 c
543 c
-894
-1.08
Nutrient-Added pH 4.5
13691
-869 c
767 a
-1636
-1.97
Nutrient-Added pH 6.66 (pH N)
13691
-648 c
735 a
-1383
-1.67
Aemerge
-2104 b
332 b
-2436
-2.93
Non-nutrient added pH 4.5
-----1524 c
373 b
-1897
-2.28
Non-nutrient added pH 7.31 (pH N)
----Different letters indicated significant differences (p<0.05) within a column and for a given biochar.
† Negative values of retention indicate net increase in the suspension solution during pH balancing/nutrient addition
‡ Sequestration is defined as the difference between nutrient retention during pH balancing/nutrient addition and
cumulative release during simulated rainwater leaching. Negative values indicate net release of K+ from the biochars;
these biochars/treatments would be expected to increase supply of K+ beyond what is supplied by the fertilizer.
N=3 for all means, except the Airex non-nutrient added pH 4.5 treatment cumulative leaching mean, where N=2.

Table B.2: Nutrient retention in charge equivalents

Biochar

Airex

Treatment

pH 4.5
pH 5.87 (pH N)
Aemerge pH 4.5
pH 6.66 (pH N)

Total
Total
Combined
Cationic
Anionic
Ionic
+
+
NH4 -N NO3 -N P
K
Retention
Retention
Retention
---------------------------------cmolc retained kg-1 biochar -------------------------------9.6
11.1
6.6 11.9
21.5
17.7
39.2
4.9
11.3
3.1 9.8
14.7
14.3
29.1
3.3
0.8
3.4 0.0
3.3
4.2
7.6
0.8
1.2
4.2 0.0
0.8
5.4
6.2
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Figure B.1: Daily releases of K+ by biochars. Different letters indicate statistically significant differences (p<0.05) between days
within a treatment and for a given biochar. For all means, n=3 except for the Airex non-nutrient added pH 4.5 treatment, where
n=2 on days 2, 3, 4 for each element.
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Daily releases of K+ from all treatments in both biochars were dominated by releases on
day 1 (Fig. B1). All treatments, except the Airex non-nutrient added pH N, released less on day 4
than on day 2, but differences between day 2 and 4 were small compared to differences between
days 1 and 2. Releases of K+ from the Airex non-nutrient added pH N treatment did not decrease
significantly throughout simulated rainwater leaching.
B.1.3 Sequestration and Supply of K+
Only nutrient added Airex treatments demonstrated sequestration of K+, which was
greater under the pH 4.5 treatment. All other treatments (non-nutrient added Airex and all
Aemerge) demonstrated net supply of K+.
B.1.4 Agronomic Impacts of K+ Supply or Sequestration by Biochars
The sequestration of K+ in nutrient-added Airex and the supply of K+ from all other
treatments would have a significant agronomic effect (Table B1). The non-nutrient added Airex
treatments would supply 24.2 and 41.4 kg-K2O ha-1 from the non-nutrient-added pH 4.5 and pH
N treatments respectively, including both pH balancing/nutrient addition and simulated rainwater
leaching. Aemerge would release 51.4 and 66.0 kg-K2O ha-1 from the same treatments, and 44
and 38 from the nutrient added pH 4.5 and pH N treatments respectively. In most small and
large-grain scenarios, this supply would substantially lower K fertilization requirements, and the
higher release of K+ from Aemerge would supply several years’ worth of K fertilizer in the
previously cited Miscanthus production example (Deen et al., 2016).
At a hypothetical application rate of 22.5 Mgs-biochar ha-1, the nutrient added Airex
treatments would sequester 81 and 43 kg K2O ha-1 from the pH 4.5 and pH N treatments
respectively. The implication of this sequestration is difficult to interpret. At normal K+
application rates for most cereal agriculture, this amount of sequestration would severely limit
productivity, if not cause total crop failure. However, as discussed in section 4.5.2 of the
dissertation, the mg kg-1 biochar rate used in this experiment would exceed normal application
rates. This amount of sequestration would likely not likely reduce crop productivity at this
fertilizer rates, given the excess K+ provided. Given the concentration dependence of most
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mechanisms of retention, sequestration would be expected to decrease as the fertilizer rate is
decreased.
Instead, the safest conclusion is that the potential for significant supply or sequestration
exists when biochars are co-applied with liquid fertilizer. Biochars should be tested for supply or
sequestration of nutrients (including K+) at the expected application rates in order to inform
nutrient management plans.
B.1.5 Retention of Macronutrients by Nutrient Added Treatments as cmolc kg-1 and
Implications for Mechanisms of Retention
Total cation retention was between 14.7 and 21.5 cmolc kg-1 (combined NH4+ and K+) in
the Airex pH N and pH 4.5 treatments respectively (Table B2). For Aemerge treatments, total
cation retention was 0.8 and 3.3 cmolc kg-1 for the pH N and pH 4.5 treatments respectively,
considering only NH4+ retention.
At the initial pH of the pH 4.5 treatments, it is possible that some of the oxygen
containing functional groups will be protonated and be either neutral or anion exchanging. There
may exist within the biochar pore surfaces a mosaic of anion and cation exchanging surfaces.
However, even if total ion exchange is considered (i.e. combined cation and anion retention) and
it is assumed that other mechanisms of retention are insignificant contributors to net retention,
neither nutrient added treatment from either biochar exceeded its NH4+ exclusion determined
CEC for the <0.25mm particle size. Combined ion retention for Airex was 29.1 and 39.2 cmolc
kg-1 for pH N and pH 4.5 treatments respectively. Aemerge had combined ion retention 6.2 and
7.6 cmolc kg-1 for the pH N and pH 4.5 treatments respectively.
The NH4+-substitution CEC was not accurate in predicting total retention of nutrients
(especially in Aemerge), but the relative ranking of Airex and Aemerge in that characterization
was realized. Airex retained a greater mass of nutrients and a greater proportion of the applied
nutrients despite its lower surface area, and this may act as circumstantial evidence that ion
exchange was a major factor in retention or sequestration. However, except for Aemerge pH N,
each treatment retained anions and cations in roughly equal proportions (0.95 – 1.25
anions:cations). All nutrient-added treatments released anions and cations in a roughly equal
proportions (0.76 – 1.14 anions:cations). Given the pH-dependence of ion-exchange functional
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groups in biochars (Lu et al., 2012), it is unlikely these ratios would have been maintained in
both pH 4.5 and near pH 7 conditions, as many of the oxyanionic acids present in biochars would
begin to protonate at the lower pH and become either neutral or anion-exchanging sites.
B.1.6 Caveats and Questions Regarding K+ Data
All Aemerge treatments released K+ in excess of the total-K+ contents of the biochar as
determined by aqua-regia microwave digestion. Additionally, while nutrient-added treatments of
Airex demonstrated retention of K+ during pH-balancing/nutrient addition, the non-nutrient
added pH N treatment from Airex also released more K+ than its previously observed total
contents when releases during pH balancing/nutrient addition and leaching are considered
cumulatively. This suggests some degree of contamination during the experiment or analysis.
Because there is no concurrent excess of NO3-- N in Aemerge, it is unlikely that inflated K+
levels occurred due to improperly loaded nutrient additions during nutrient addition/pH
balancing.
Alternatively, it is also possible that high heterogeneity of chemical and physical
structures is an intrinsic property of the biochars, and that the small sample weights and lower
number of samples used in the experiment and during characterization were incapable of
capturing the range of concentrations ofK+ (or other elements) in the biochars. The original
manufacturer provided assessment of Aemerge, the K+ concentration was observed to be 1092
mg K+ kg-1 biochar. Though the nearly 400 mg K+ kg-1 biochar difference between these
characterizations is much smaller than the 1700 mg K+ kg-1 biochar Aemerge released in excess
of its observed total contents, it does provide some evidence of the suspected heterogeneity in
biochars. Given the potential of contamination in K+ analysis, however, the K data present
should be held suspect.
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B.2 NH4NO3 Isotherms on Airex and Aemerge

B.2.1 Materials and Methods

B.2.1.1 Biochars and Initial Processing

50g of each biochars were ground to < 150µm using a Retsch agate ball mill in 10g
batches. All ground biochar was sieved through a 150µm sieve, and ground batches from each
biochar were homogenized together. Sub-samples of ground biochar were pH-balanced in
suspension by one of three methods, individual adjustment or bulk adjustment followed by
drying in a desiccator or oven.
Individually balanced samples used 0.3g of ground biochar suspended in 30ml of DDI
water in 125ml flasks and shaken on a rotary shaker at 150rpm, and repetitions were started a
day apart. Moisture-correction samples were collected alongside suspended samples. Samples to
be balanced to pH 4.5 received 0.3-0.35ml (Airex) or 0.75-0.85ml (Aemerge) of 0.075M HCl
over 5 days. This was based on prior sequential titration of each biochar, during which a rate of
pH increase less than 0.1 in two hours was considered stable. These samples were not filtered or
dried prior to the start of nutrient sorption.
For bulk pH balancing, 15g of ground biochar were suspended in about 1L of DDI water
using a magnetic stir plate. Non-pH balanced samples were maintained in suspension as long as
the pH 4.5 treatments were being balanced. Treatments balanced to pH 4.5 were reduced to pH
4.0 using 0.3M HCl, then allowed to equilibrate for 1hr before receiving additional acid. Volume
of added acid was not recorded for bulk-balanced sub-samples. The concentration of acid used
decreased and the time between additions increased as the neutralization potential of the biochars
was consumed. Acid was not added if the pH had not increased beyond 4.5, and pH was
considered stable if the rate of increase was less than 0.1 in 2hr. When the suspensions neared
stability, the pH was maintained near 4.5. Aemerge had a higher acid-neutralization potential,
and Airex sub-samples were maintained in suspension until Aemerge sub-samples were stable.
Following stabilization, biochar suspensions were vacuum filtered through a 0.2µm
polycarbonate filter. Samples were then placed in borosilicate beakers and either placed in a
desiccator with MgSO4 or a drying oven (105⁰C) for 24hr. Following drying in the oven, samples
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were stored in a desiccator separate from those used in desiccator drying. The desiccator-only
samples were allowed to equilibrate for 10 days before nutrient sorption, while the oven samples
were started later and remained in the desiccator for 2 days before the first repetition of nutrient
sorption.

B.2.1.2 Nutrient Sorption and Post Sorption Processing

As a rep of individual samples finished pH-balancing, 0.3g of the unbalanced and pH 4.5
treatments of both biochars from both drying methods were suspended in 125ml flasks in a 1:10
biochar to water ratio. Moisture-correction samples were taken for each treatment combination
on each day. All of these samples were supplied with 0.1ml of a nutrient loading solution (0,
225, 450, 900, 2250, 4500 mM NH4NO3) which resulted in a final concentration of 0, 75, 150,
300, 750, or 1500 mmol NH4NO3 kg-1 biochar. These were shaken for 24hrs at 150rpm.
Following 24hrs, the biochar/nutrient suspension was centrifuged at 850G for 20min,
then filtered through a 0.22µm PES syringe filter. The biochar is discarded, while the filtered
supernatant was collected in scintillation vials, preserved with two drops of chloroform, and
stored at 4C until analysis.

B.2.1.3 Analysis
NH4+-N and NO3--N were quantified via colorimetric determination on a Discrete AQ2
Analyzer (SEAL Analytical, Wisconsin). This machine uses methods equivalent to USEPA
350.1 for NH4+-N and 353.2 NO3--N (EPA, 1993a; b). Prior to analysis, samples loaded at 1500,
750, 300, 150, and 75 mmol NH4NO3 kg-1 biochar were diluted at 85:1, 45:1, 20:1, 10:1, and 5:1
with DDI water to bring them under the upper LOD.

B.2.1.4 Experimental Design and Statistical Analysis

A full-factorial complete block design was used. No specific randomization was observed
in the placing of samples on the shaker was used, though a first-on first-off policy was used to
ensure equal time on the shaker. Each treatment combination (Biochar X pH-target X
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balancing/drying method X loading concentration) was repeated in triplicate for 216 total
samples. Because the shaker could not accommodate this many samples, each repetition was
staggered 24hrs + 5min behind the previous repetition.
Comparisons among concentrations and within biochar/pH/drying method treatment
combinations and comparisons among treatments but within concentrations were made using 3factor full-factorial ANOVA. Where presented, statistical differences among treatment means are
the product of LS Means separation tests with Tukey’s HSD being used to set α for means
comparisons. The PROC MIXED procedure from SAS 9.4 (SAS Institute, Cary, NC) was used
for these analyses.

B.2.2 Results and Discussion
Differences among retention of NO3--N by biochar samples was only different based on
the loading concentration supplied. No other treatment had a significant effect (Fig. B2). While
The 1500 mmol NH4NO3 kg-1 biochar was demonstrated significantly greater sorption of NO3--N
than the 0, 75, 150, and 300 mmol NH4NO3 kg-1 biochar loading concentrations, no other
differences existed between the treatments.
Retention of NH4+-N (Fig. B3) did demonstrate some significant interaction between the
method of pH balancing/drying method and concentration, but biochar and the targeted pH also
did not have any effect. Each drying method demonstrated some similar sorption trends; each
method demonstrated greater sorption in the 1500 mmol NH4NO3 kg-1 biochar loading
concentration when compared with the 300, 150, 75, and 0 mmol NH4NO3 kg-1 biochar loading
concentration. Each drying method also showed greater sorption in the 750 when compared to
the 0 mmol NH4NO3 kg-1 biochar loading concentration. The desiccator method also showed
greater sorption in the 750 when compared to the 300, and in the 1500 when compared to the 750
mmol NH4NO3 kg-1 biochar loading concentration. When comparing similar concentrations
among the drying method means, the desiccator method had significantly greater retention than
the oven or individual methods at 1500 mmol NH4NO3 kg-1 biochar but at other loading
concentrations the sorption was not different between methods. Also, the individual and oven
methods were not different from one another at 1500 mmol NH4NO3 kg-1 biochar.
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Figure B.2: NO3--N Sorption averaged across all treatments. Different
letters indicate significant differences. Error bars represent the standard
error of the individual samples.
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Figure B.3: NH4+-N Sorption averaged within pH balancing/drying methods (A) Desiccator,
(B) Individual, and (C) Oven. Different letters indicate significant differences among
loading concentrations within a given method. Error bars are the standard error of the
sample mean.
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Retention of both NO3--N and NH4+-N do not satisfy basic assumptions of the Freundlich
or Langmuir fitting normally performed on isotherms. Most specifically, because no significant
differences occur throughout the middle loading concentrations (i.e. 0, 75, 300, 150, and
sometimes 750 are not different from one another) the use of any one model cannot be justified.
Langmuir, Freundlich, or linear models may provide an adequate fit, but the fit should be
considered spurious when a majority of the points present cannot be statistically distinguished
from one another.
The concentrations chosen were based on the observed NH4+ exclusion determined CEC
of Airex; 1500 mmol NH4NO3 kg-1 biochar should have saturated Airex’s CEC (which was the
higher of the two biochars). It is possible that the NH4+ exclusion determined CEC does not
adequately measure the CEC of a biochar, and the concentration ranges used in this study do not
approach the asymptote of Langmuir curves (or the elbow of Freundlich curves). It is similarly
possible that ion exchange is a minor contributor to overall observed retention, and that the wide
variability observed between loading concentrations reflect the contribution of other physical or
chemical characteristics of the biochar which affect retention. This study cannot tell the
difference between the possibilities. However, it can be concluded that at the concentrations used
in these isotherms and in the larger simulated rainwater leaching experiment, retention of either
N species by these biochars could not be modeled as a predominantly ion exchange mediated
process within the concentration ranges studied.

B.3 Release of soluble carbon during simulated rainwater leaching

Cumulative soluble-C releases are presented in Table B3. Statistical tests were not
performed on this data set. As during pH balancing/nutrient addition, Airex and Aemerge
demonstrated very different release patterns (Table B3). Both nutrient added treatments in Airex
released substantial TC, 118.90 and 156.21 mg C kg-1 biochar for nutrient added pH 4.5 and pH
N respectively. Non-nutrient added pH N released a similar amount, 168.94 mg-C kg-1-biochar,
but non-nutrient added pH 4.5 released only 3.81 mg C kg-1 biochar. Non-nutrient added pH 4.5
also released no IC, while 62.44, 92.09, and 127.92 mg C kg-1 biochar were released from the
nutrient added pH 4.5, nutrient added pH N, and non-nutrient added pH 4.5 treatments
respectively. While the non-nutrient added pH 4.5 treatment released only 3.81 mg C kg-1
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biochar of DOC, 56.56, 64.13, and 41.02 mg C kg-1 biochar of DOC were released from nutrient
added pH 4.5, nutrient added pH N, and non-nutrient added pH 4.5 treatments.

Table B.3: Cumulative soluble-C release during simulated rainwater leaching
Biochar

Treatment
Nutrient-added pH 4.5
Nutrient-added pH 5.87 (pH N)
Airex
Non-nutrient-added pH 4.5
Non-nutrient-added pH 5.87 (pH N)
Nutrient-added pH 4.5
Nutrient-added pH 6.66 (pH N)
Aemerge
Non-nutrient-added pH 4.5
Non-nutrient-added pH 6.66 (pH N)

Total C Inorganic C Organic C
----- mg C kg-1 biochar ----119
62.4
56.6
156
92.1
64.1
3.81
0.00
3.81
169
128
41.0
-2.26
6.17
-8.43
209
188
20.6
-26.64
4.12
-30.8
468
433
34.9

Releases of soluble C from Aemerge followed a trend similar to that reported for
Aemerge pH balancing/nutrient addition (Section 4.5). Nutrient-addition appeared to matter less
than pH treatment. Releases of TC were -2.26 and -26.64 mg C kg-1 biochar for nutrient-added
and non-nutrient-added pH 4.5 treatments respectively. As in pH balancing/nutrient addition, pH
N treatments released more than pH 4.5. Nutrient added pH N and non-nutrient-added pH N
treatments released 208.53 and 467.80 mg C kg-1 biochar of TC. While both pH 4.5 treatments
had positive values for released IC (6.17 and 4.12 mg C kg-1 biochar from nutrient-added and
non-nutrient-added pH 4.5 treatments respectively), pH N treatments released more (187.95 and
423.94 mg C kg-1 biochar of IC respectively). Finally, DOC releases were negative for pH 4.5
treatments (-8.43 and -30.76 mg C kg-1 biochar were released from nutrient added pH 4.5 and
non-nutrient added pH 4.5 treatments) and small for pH N treatments (20.58 and 34.87 mg C kg-1
biochar for nutrient added pH N and non-nutrient added pH N treatments respectively).
Aemerge releases of soluble C appear to reinforce the trend observed during pH
balancing/nutrient addition. The pH N treatments continued to release considerably more C than
pH 4.5 treatments, though this release is now predominately IC instead of DOC. Airex differs
more from its pH balancing/nutrient addition soluble C trends. Aside from non-nutrient added
pH 4.5, each treatment releases a greater proportion of TC as IC, and the distinction between
nutrient added and non-nutrient added treatments is lost. The disconnect between trends in pH
balancing/nutrient addition and simulated rainwater leaching in Airex, the very low C release in
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the non-nutrient added pH 4.5 Airex treatment, and the negative TC numbers in Aemerge may be
related to precision errors in the instrument which occur near the limit of detection (LOD).
Though these data are blank corrected, many samples showed either negative TC values or
values where IC>TC before blank correction. Negative values (observed in TC and also therefore
in DOC) are likely a consequence of actual concentrations near or at the limit-of-detection
(LOD). A calibration curve not optimized for near-LOD concentrations can cause negative
values for readings below the LOD. Finally, although this data shows appears to have TC release
similar to some treatments in pH balancing/nutrient addition, the data presented in Table B1 are
four day totals. Each day was at or near the LOD without differences among days. Though the
data is not presented here, Airex’s non-nutrient added pH 4.5 showed data just above and below
the LOD (i.e both negative and positive releases), leading to the very small net release presented
in Table B1.
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APPENDIX C. ADDITIONAL EFFECTS OF COMPOSTED MULCH AND
BIOCHAR ON SOIL BUFFER PH AND CERTAIN NUTRIENT TISSUE
CONCENTRATIONS

C.1 Buffer pH

Buffer pH of soils (Table C1) was determined primarily by whether the soils were
fertilized (and limed) or not. Fertilized soils increased their buffer pH from 6.9 to 7.2 between
days 45 and 135. Most unfertilized treatments also increased their buffer pH from 6.6 to 6.7 over
this time period or did not change from 6.7, though given the small change and the invalidity of
statistical tests this may not represent real change over time. Among fertilized treatments 2%
added-C treatments had slightly lower buffer pH (about 0.1 pH) than the corresponding 1%
treatment for the same C type, though all treatments had a buffer pH of 7.2 on day 135. No
trends among C-rate and type treatment combinations exist in unfertilized samples.

Table C.1: Soil Buffer pH (in Sikora Buffer)
Day 45
Day 75
Mulch 1%
7.0
7.0
Mulch 2%
6.9 b
7.0 ab
Mix 1%
7.0
7.1
Fertilized
Mix 2%
6.8 b
7.1 a
and limed
Biochar 1%
7.0
7.1
Biochar 2%
6.9
7.1
Control
6.9 b
7.2 ab
Mulch 1%
6.6 AB 6.6
Mulch 2%
6.7 A
6.7
6.7 AB 6.6
Unfertilized Mix 1%
and
Mix 2%
6.7 AB 6.7
unlimed
Biochar 1%
6.6 AB 6.7
Biochar 2%
6.7 AB 6.7
Control
6.6 B
6.6

Day 105
7.2
7.0 ab
7.1
7.2 a
7.2
7.1
7.1 a
6.6
6.7
6.6
6.7
6.6
6.7
6.6

Day 135
7.2
7.2 b
7.2
7.2 a
7.2
7.2
7.2 a
6.6 B
6.7 A
6.7 A
6.7 A
6.7 A
6.7 A
6.6 B

Different capital letters indicate significant differences among C rate and type treatment
combinations within a sample day. Different lowercase letters indicate significant
differences within a treatment and among different days. Letters are omitted for clarity
where significant differences did not exist.
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C.2 Calcium Tissue Concentrations
The critical Ca tissue concentrations for wheat (measured at FS 3-5) is 2.0 g Ca kg-1, and
levels below 1.8 g Ca kg-1 are considered deficient. Calcium is not generally not a risk of specific
toxicity, though in calcareous soils Ca can be a principle agent of salt toxicity (Snowball and
Robson, 1991). Among fertilized soils, addition of mulch (in both mulch and mix treatments)
increased Ca tissue content above the biochar and control treatments on day 45 (Table C.2),
though in later days was the difference decreased until only the mulch 2% was higher than other
treatments on day 105 (by mulch-containing treatments decreased and biochar/control treatments
increased). By day 135 there is no difference among fertilized treatments. Among unfertilized
treatments, the mix 2% treatment has greater Ca tissue content than all other treatments on day
45. This was not maintained, as the mulch, mix 1%, and control treatments increased Ca tissue
content on day 75. The two biochar treatments caught up on day 105, while the control
decreased. All unfertilized treatments increased the Ca tissue content on day 135.
Table C.2: Calcium tissue concentrations (g Ca kg-1)

Fertilized and
limed

Unfertilized
and unlimed

Mulch 1%
Mulch 2%
Mix 1%
Mix 2%
Biochar 1%
Biochar 2%
Control
Mulch 1%
Mulch 2%
Mix 1%
Mix 2%
Biochar 1%
Biochar 2%
Control

Day 45

Day 75

Day 105

11.7
10.4
10.5
11.1
8.6
8.1
8.4
5.1
4.9
4.8
6.7
5.0
4.8
4.7

9.4
10.3
8.2
8.8
7.7
6.5
5.1
5.4
5.9
5.6
5.9
4.7
5.0
5.7

9.0
10.6
8.0
8.7
7.9
7.1
8.2
6.0
6.6
6.9
6.8
5.4
5.9
5.2

Aa
ABC
ABa
Aa
BCD
Da
CDa
Bb
Bb
Bc
A
B
B
B

ABb
A
BCb
ABb
BC
DCc
Db
ABCb
Aa
ABb
A
C
BC
AB

Bb
A
BCb
Bb
BC
Cbc
BCa
ABa
ABa
Aa
AB
AB
AB
B

Day
135†
9.3
10.9
8.9
8.9
8.9
7.9
9.5
7.6
7.5
8.5
8.6
6.5
8.4
7.8

b
b
b
ab
a

Different capital letters indicate significant differences among C rate and type treatment combinations
within a sample day. Different lowercase letters indicate significant differences within a treatment and
among different days. Letters are omitted for clarity where significant differences did not exist.
†Day 135 tissue concentrations for unfertilized soils could not be tested; many treatments had to have reps
combined into a single analytical sample to meet the minimum required wt.

231
C.3 Iron Tissue Concentration

Iron toxicity is not commonly discussed, nor is Fe deficiency a serious issue except in
calcareous or highly sandy soils. Iron critical levels vary, between 25 and 100ppm (Snowball and
Robson, 1991). Iron tissue concentrations (Table C.3) did not vary among fertilized treatments
on day 45 or day 105. On day 75 the mulch 2% treatment had greater Fe tissue concentration
than the control treatment. Differences among treatments were also significant on day 135, in
which the mulch 2% and biochar 2% were lower than the biochar 1%. Generally, fertilized
treatments decreased in Fe tissue content between day 45 and day 135, but differences among
days were only significant for the mix treatments. This may be commensurate with the increase
in soil-water pH observed (section
Unfertilized treatments, only showed differences among treatments on day 75, when the
mix 2% treatment had greater Fe tissue content than the control. No other differences were
significant throughout the experiment.
Table C.3: Iron tissue concentrations (mg Ca kg-1)
Day 45
Day 75
Mulch 1%
153
133 AB
Mulch 2%
138
231 A
Mix 1%
140 a
129 ABab
Fertilized
Mix 2%
142 a
134 ABab
and Limed
Biochar 1%
158
135 AB
Biochar 2%
132
150 AB
Control
125
90 B
Mulch 1%
132
123 AB
Mulch 2%
125
130 AB
133
124 AB
Unfertilized Mix 1%
and
Mix 2%
185
156 A
unlimed
Biochar 1%
175
133 AB
Biochar 2%
152
146 AB
Control
181
107 B

Day 105
122
114
112 b
115 b
121
141
113
212
132
121
127
128
162
95

Day 135†
122 AB
108 B
114 ABb
117 ABb
131 A
107 B
115 AB
110
117
124
131
103
158
130

Different capital letters indicate significant differences among C rate and type treatment combinations
within a sample day. Different lowercase letters indicate significant differences within a treatment and
among different days. Letters are omitted for clarity where significant differences did not exist.
†Day 135 tissue concentrations for unfertilized soils could not be tested; many treatments had to have
reps combined into a single analytical sample to meet the minimum required wt.
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C.4 Potassium Tissue Concentration
Potassium deficiency occurs at 30 and 18 g K kg-1 for FS 3 and 7 respectively; no
fertilized or unfertilized treatment was outside of this range (Table C.4). All fertilized treatments
with the exception of the mulch 2% treatment demonstrated decreases in the K tissue
concentration between day 45 and day 135. The control treatment had lower K tissue content
than the mix 2% on day 45 and day 75. The mulch 2% treatment also had higher K tissue content
than the mix 1% and control on day 105 and greater than both biochar treatments, the control
treatment, and the mix 1% treatment on day 135.
Among unfertilized treatments, on day 45 and 75 both mulch and the mix 2% treatment
had greater K tissue content than the mix 1% and both biochar treatments, which were in turn
greater than the control. Most treatments demonstrated decreased K tissue content from day 45 to
day 105, but the treatments with higher K tissue content on day 45 decreased faster. On day 105,
the control and biochar 2% were significantly lower than the mulch and mix treatments, but no
other treatment differences were significant. Every treatment qualitatively increased the K tissue
concentration between day 105 and day 135.
Table C.4: Potassium tissue concentrations (g K kg-1)
Day 45
Day 75
Day 105
Day 135†
Mulch 1%
26 ABa
22 Aab
19 ABc
23 ABb
Mulch 2%
25 ABCab 23 Abc
21 Ac
27 Aa
Mix 1%
24 ABCa
22 Aab
18 Bb
21 Bab
Fertilized and
Mix 2%
27 Aa
22 Ab
19 ABc
23 ABb
Limed
Biochar 1%
23 BCa
23 Aab
19 ABab
21 Ba
Biochar 2%
23 BCa
22 Aab
18 ABb
21 Bab
Control
22 Ca
14 Bb
17 Bab
21 Bab
Mulch 1%
26 Aa
26 Ab
21 Ac
26
Mulch 2%
28 A
28 A
23 A
27
Mix 1%
22 Ba
22 Bb
20 Ac
26
Unfertilized
Mix 2%
27 Ab
27 Aa
22 Ab
26
and unlimed
Biochar 1%
22 Ba
22 Bb
17 ABc
24
Biochar 2%
24 Ba
24 Bb
18 Bc
25
Control
16 Ca
16 Cb
13 Bb
18
Different capital letters indicate significant differences among C rate and type treatment combinations
within a sample day. Different lowercase letters indicate significant differences within a treatment and
among different days. Letters are omitted for clarity where significant differences did not exist.
†Day 135 tissue concentrations for unfertilized soils could not be tested; many treatments had to have
reps combined into a single analytical sample to meet the minimum required wt.
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C.5 Magnesium Tissue Concentration
Magnesium deficiency occurs below 1.2 g Mg kg-1 for FS 3-5 (Snowball and Robson,
1991). Among fertilized soils, the biochar 2% and control treatments had lower Mg tissue
concentration than the mulch treatments and mix 1% treatment on day 45. The biochar 1% was
also lower than the mulch 1% (Table C.5). On day 75, only the control Mg tissue content was
lower and different from the other treatments. On day 105, this relationship changed, and only
the mulch 2% had higher Mg content that all other treatments except the mulch 1%. No
differences existed among treatments on day 135. There were no consistent trends within
treatments and across days; some treatments decreased Mg tissue content, and some increased.
Among unfertilized treatments, there were no differences among treatments until day 75,
when the biochar 1% treatment had lower Mg tissue content than the mix 2% treatment. On day
105, the control treatment had lower Mg tissue content than the mulch 2% and both mix
treatments. Both mulch treatments and the mix 1% treatment did decrease between day 45 and
day 105. All unfertilized treatments demonstrated a qualitative increase in Mg tissue content
between day 105 and day 135.
Table C.5: Magnesium tissue concentrations (mg Mg kg-1)
Day 45
Day 75
Day 105
Mulch 1%
2.2 Aa
2.0 Ab
2.0 ABb
Mulch 2%
2.1 ABb
2.1 Ab
2.2 Aab
Mix 1%
2.1 AB
2.0 A
2.0 B
Fertilized and
Mix 2%
2.0 ABC 2.0 A
2.0 B
Limed
Biochar 1%
1.9 BC
1.9 A
1.9 B
Biochar 2%
1.8 Cc
1.9 Ab
2.0 Bbc
Control
1.8 C
1.3 B
1.9 B
Mulch 1%
2.1 b
2.3 ABa
2.3 ABa
Mulch 2%
2.0 b
2.5 ABa
2.6 Aa
Mix 1%
2.0 c
2.4 ABb
2.6 Aa
Unfertilized
Mix 2%
2.4
2.6 A
2.6 A
and unlimed
Biochar 1%
2.3
2.3 B
2.2 AB
Biochar 2%
2.2
2.4 AB
2.5 AB
Control
2.1 a
2.6 Ab
2.0 Bab

Day 135†
2.2 ab
2.5 a
2.2
2.1
2.2
2.2 a
2.1
2.8
2.8
3.3
3.2
3.0
3.8
3.2

Different capital letters indicate significant differences among C rate and type treatment combinations
within a sample day. Different lowercase letters indicate significant differences within a treatment and
among different days. Letters are omitted for clarity where significant differences did not exist.
†Day 135 tissue concentrations for unfertilized soils could not be tested; many treatments had to have
reps combined into a single analytical sample to meet the minimum required wt.
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C.5 Manganese Tissue Concentration
Manganese deficiency occurs when Mn tissue concentration falls below 35 mg Mn kg-1
for FS 3-4 and is toxic at 700 mg Mn kg-1 for FS 3-5 (Snowball and Robson, 1991). Fertilized
treatments were never toxic nor deficient throughout the experiment (Table C.6). The Mn tissue
content of all treatments except the control and biochar 1% decreased between day 45 and day
135. The Mn tissue content of the biochar 1% did decrease between day 45 and day 105. Within
day 45, the mulch and mix treatments had greater Mn tissue content than the biochar and control
treatments, though the biochar 2% and mulch 1% were not different. Most treatments showed
decreased Mn tissue content on day 75, such that only the mix 2% treatment was greater than the
biochar and control treatments. The mulch 2% and mix 1% treatments were also greater than the
control. On day 135, only the mix 2% treatment had greater Mn tissue content than the two
biochar treatments. No other differences existed between treatments on day 105, and there were
no differences among fertilized treatments on day 135.
Among unfertilized treatments, the mulch 2% had the lowest Mn tissue content on all
testable days. However, on day 45 it was not different from the biochar 2% or control. On day 75
it was not different from the biochar and mulch 1% treatments and the mix 2%. Finally, on day
105 it was only different from the mix 1% and control. On day 45, the mix 2% had a greater Mn
tissue content than the mulch and biochar 2% and the control treatments. On day 75, however,
the mix 1% Mn tissue content was greater than all other treatments and the biochar 2% treatment
had greater Mn content than the mulch 2%, but no other differences existed. Finally, on day 105
the mix 1% treatment had greater Mn tissue content than the 2% treatments (of each C type) but
was not different from others. All treatments except the biochar 2% increased their Mn tissue
content between day 45 and day 105, and all treatments demonstrated a qualitative increase
between day 105 and day 135. Because the mulch 2% demonstrated a consistently low Mn tissue
content (along with the mulch 1% and mix 2% treatments), there is circumstantial evidence that
Mn tissue content is predominantly controlled by biomass production (which was greatest in
these treatments), i.e. the Mn is diluted in the greater biomass. However, the biochar 2% also had
low Mn tissue content, but also among the lowest biomass production on any day.
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Table C.6: Manganese tissue concentrations (mg Mn kg-1)
Day 75
Day 45
171 ABCab
Mulch 1%
203 BCa
183 ABb
Mulch 2%
235 Aa
Mix 1%
215 ABa 195 ABa
Fertilized
Mix 2%
212 ABa 215 Aa
and Limed
154 BCab
Biochar 1%
161 Da
Biochar 2%
177 CDa 139 BCb
120 C
Control
169 D
Mulch 1%
259 ABa 199 BCb
169 Cb
Mulch 2%
186 Cb
Mix 1%
234 ABc 316 Ab
Unfertilized
201 BCb
Mix 2%
267 Aa
and unlimed
Biochar 1%
234 ABb 214 BCb
224 B
Biochar 2%
215 BC
Control
217 BCb 231 Bb

Day 105
144 ABb
134 ABc
149 ABb
172 Ab
119 Bb
121 Bc
143 AB
278 BCa
258 Ca
443 Aa
268 Ca
334 ABCa
262 C
396 ABa

Day 135†
115 b
108 c
138 b
147 b
110 ab
114 c
123
399
312
438
373
430
358
493

Different capital letters indicate significant differences among C rate and type treatment combinations within a
sample day. Different lowercase letters indicate significant differences within a treatment and among different
days. Letters are omitted for clarity where significant differences did not exist.
†Day 135 tissue concentrations for unfertilized soils could not be tested; many treatments had to have reps
combined into a single analytical sample to meet the minimum required wt.
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C.7 Sulfur Tissue Concentrations
At FS 8, an S tissue concentration below 1.5 g S kg-1 are considered deficient (Snowball
and Robson, 1991). At the earlier stages, the deficiency concentration may be higher. Among
fertilized treatments, the biochar and control treatments had lower S tissue concentrations than
the mix and mulch treatments through day 75, while there were no differences within these
groups. On day 105 and 135, there were fewer differences among treatments (Table C.7). The
mulch 2% S tissue concentration remained above the tissue concentration within the mix 2% and
biochar 2% concentration. Also, the mulch 1% and mix 1% treatments had S tissue
concentrations higher than the biochar 2% on day 105 and 135.
Among unfertilized soils, there were no differences among C type/rate treatments on day
45. On day 75, the S tissue concentration of all treatments except the mulch 1% was greater than
that of the control. The mix 2% S tissue concentration was also greater than the mulch 1%. On
day 105, these same differences were largely maintained, except now the mix 2% was not
different from the mulch 1%, but the mix 1% treatment was. All treatments demonstrated a
qualitative increase in the S tissue concentration between day 105 and 135. All mulch containing
treatments (including mixes) increased the mean S tissue concentration between day 45 and 105.
Table C.7: Sulfur tissue concentrations (g S kg-1)
Day 45
Day 75
Mulch 1%
1.9 Ab
2.2 Aa
Mulch 2%
2.1 A
2.2 A
Mix 1%
1.9 Ab
2.2 Aa
Fertilized
Mix 2%
1.9 Aab
2.1 Aa
and Limed
Biochar 1%
1.6 B
1.9 AB
Biochar 2%
1.5 B
1.4 B
Control
1.5 B
1.3 B
Mulch 1%
2.6 b
3.1 BCa
Mulch 2%
2.9 b
3.8 ABa
2.4 c
3.6 ABCb
Unfertilized Mix 1%
and
Mix 2%
2.4 b
4.6 Aa
unlimed
Biochar 1%
2.4
4.0 AB
Biochar 2%
2.4
4.2 AB
Control
2.5
2.2 C

Day 105
1.9 ABab
2.1 A
1.8 ABb
1.6 BCc
1.7 AB
1.4 C
1.7 ABC
3.2 BCa
3.9 ABa
4.6 Aa
4.0 ABa
4.6 A
4.7 A
2.7 C

Day 135†
2.1 ABab
2.2 A
2.0 ABb
1.7 BCbc
1.8 ABC
1.6 C
2.1 ABC
3.7
4.3
5.9
5.0
6.5
6.1
4.4

Different capital letters indicate significant differences among C rate and type treatment combinations
within a sample day. Different lowercase letters indicate significant differences within a treatment and
among different days. Letters are omitted for clarity where significant differences did not exist.
†Day 135 tissue concentrations for unfertilized soils could not be tested; many treatments had to have
reps combined into a single analytical sample to meet the minimum required wt.
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C.8 Zinc Tissue Concentrations
At FS 3-5, Zn is deficient at 12-14 mg Zn kg-1, and toxicity arises at 200 mg Zn kg-1 or
greater (Snowball and Robson, 1991). Among fertilized treatments, the biochar treatments and
the control treatment consistently had the lowest Zn tissue contents, though the specific order
changed (Table C.8). Additionally, the mix 2% and mulch treatments had consistently highest Zn
tissue concentrations. However, while the mix 1% had Zn tissue concentrations similar to the
other labile-C containing treatments on days 45 and 75, by day 105 the Zn tissue concentration
had dropped. All labile-C containing treatments, as well as the biochar 2% treatment, decreased
between day 45 and day 105 (mulch 1%) or day 135 (all other treatments).
All unfertilized treatments except the mulch 2% treatment demonstrated Zn tissue
concentrations which decreased between day 45 and day 105. All treatments showed a
qualitative increase in the Zn tissue concentration between day 105 and day 135. Within day
comparisons among treatments showed the mulch treatments to have higher Zn tissue
concentrations when compared to the biochar 2% and control treatments. On day 75, only the
mix 2% had a greater Zn tissue content than the control but other treatments were not different
from one another. Finally, no differences existed among unfertilized C type/rate treatments on
day 105.
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Table C.8: Zn tissue concentrations (mg Zn kg-1)
Day 45
Day 75
27
Aab
33
Aa
Mulch 1%
29 Aa
28 Aa
Mulch 2%
27 ABa
25 ABa
Mix 1%
Fertilized
28 Aa
26 ABb
Mix 2%
and Limed
23 C
25 AB
Biochar 1%
23 BCa
24 ABa
Biochar 2%
21
C
17 B
Control
36 Aa
25 ABb
Mulch 1%
31 A
26 AB
Mulch 2%
30 ABa
25 ABab
Unfertilized Mix 1%
30 ABa
28 Aa
and
Mix 2%
unlimed
32 ABa
24 ABb
Biochar 1%
29
Ba
25 ABb
Biochar 2%
30 Ba
20 Bb
Control

Day 105
20 ABb
22 Aab
19 Bb
21 ABc
19 B
19 Bb
19 B
23 b
24 AB
21 b
23 b
20 b
21 b
18 b

Day 135†
25 ABab
26 Ab
21 BCb
22 ABCc
21 BC
19 Cb
22 ABC
28
28
34
34
22
24
36

Different capital letters indicate significant differences among C rate and type treatment combinations
within a sample day. Different lowercase letters indicate significant differences within a treatment and
among different days. Letters are omitted for clarity where significant differences did not exist.
†Day 135 tissue concentrations for unfertilized soils could not be tested; many treatments had to have
reps combined into a single analytical sample to meet the minimum required wt.
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C.9 Photographs of Sample Collection and Plant Samples

Figure C.1 demonstrates the sieving of soil samples during destructive sampling. Smaller root
masses were collected from the screen as well, but the bulk of root matter was collected by
breaking and separating soil from the root mass. In the upper right corner of figure C.1, a drying
soil sample is seen. Figure C.2 demonstrates the symptoms reported in section 4.8.1 in the main
chapter. This photograph clearly shows the chlorotic spots, which precede the advancing general
chlorosis and necrosis from the leaf tip. Figure C.3 demonstrates damage from thrips, to serve as
contrast with the chlorotic spots from B toxicity. Notably, thrips damage is not confined to the
leaf tip. Figure C.4 shows the death of the first leaves entirely, interspersed with newer leaves.
This was the general state of the occurrence of necrosis of first leaves; no plants which emerged
were observed to die entirely through day 105, though a few plants in some unfertilized biochar
and control treatments did die entirely (i.e. all leaves) between day 105 and 135.

Figure C1: Image of soil-sieve/root collection, and in the upper right corner, and sorted
soil sample and root mass (located just to the upper left of the metal support beam). In
the sample on the screen (an unfertilized mulch sample), the main root mass has not
been separated from the soil sample. It comprises the un-dissociated soil portion.
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Figure C2: Image of advancing chlorotic spots. These spots preceded the general chlorosis
(better pictured on the leaf to the right of the image, and the general chlorosis preceded the
necrosis.
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Figure C3: Example of thrips damage on affected wheat grass. The central
blade demonstrates B toxicity symptoms (chlorotic spotting). Thripsinduced damage is the colorless spots appearing both on the central leaf and
the leaf to its immediate left. Small block spots on the central leaf are thrips
feces, another indicator of thrips infestation.
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Figure C4: Fertilized mulch 2% treatment with
necrotic first leaves. Chlorotic spotting/leaf tips
and necrotic leaf tips are also visible.
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